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ABSTRACT 
Identification of fibres, particularly in blends, requires knowledge of their characteristics. 
Individual  Identifying features between wool and mohair fibres were investigated in this 
study using a Scanning Electron Microscope (SEM), Fourier Transform Infrared-Attenuated 
Total Reflection (FTIR-ATR), Fourier Transform Raman and Atomic Force Microscope (AFM). 
This study confirmed that wool and mohair can be differentiated and identified in blends 
using the cuticle scale height (CSH) criterion, wool having an average CSH of 0.6 ± 0.1 µm 
and mohair having an average CSH of 0.4 ± 0.1 µm.  
The AFM provided highly reproducible CSH results, which also confirmed the SEM results 
that indeed wool and mohair could be differentiated using the CSH as criterion. The AFM 
gave a CSH value of 0.9 ± 0.2 µm for wool and 0.6 ± 0.2 µm for mohair, the difference 
between the two results being statistically significant according to the student t-test. It has 
been demonstrated that wool and mohair identification in blends is possible, by using the 
AFM to measure CSH, although the method is very time consuming and might be expensive. 
The FTIR-ATR showed similar spectra for wool and mohair fibres, confirming that the two 
fibre types consist of the same polymer material. Nevertheless, a difference was observed in 
the ratios of the relative intensities of the amide I (around 1630 cm-1) to the amide II 
(around 1515cm-1) absorption bands. The FT Raman provided similar spectra for the wool 
and mohair fibres, although a possible distinguishing feature between the two fibres could 
be the intensities of the alkyl side chains chemical band near 2940 cm-1 in the spectra of the 
two fibre types. According to the results obtained in this study, the FTIR-ATR and the FT 
Raman techniques may have potential for differentiating between wool and mohair but this 
requires further investigation.  
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CHAPTER ONE 
INTRODUCTION 
Animal fibres are based on cross-linked proteins, known as keratins, with wool being the most 
widely occurring fibre in this group. Mohair belongs to a class of animal fibres collectively called 
speciality fibres, due to the fact that these fibres are luxurious, rare and often expensive 
relative to sheep wool (Langley and Kennedy, 1981). South Africa is a major producer of mohair, 
accounting for almost 60% of the world production, with USA, Turkey, Australia and Lesotho as 
other producers. Mohair characteristics of economic importance include fibre diameter, staple 
length, style and character, lustre, freedom from contamination (kemp, dark fibre and 
vegetable matter) and clean yield (Hunter, 1993). Over the years, a huge improvement has 
taken place in the reduction of kemp fibre contamination in mohair which degrades the quality 
of the mohair fibre (McGregor, 2012). Because of its outstanding natural lustre mohair finds 
application in a wide range of textile end-uses, notably apparel and household textiles (Hunter, 
1993). Because of its quality, price and scarcity, mohair is often adulterated with wool or man-
made fibres to reduce cost, and mislabeling of garments is not uncommon. The garment 
labeling regulations within the EU and the Wool Products Labeling Act have forced textile 
materials to be labeled in order of fibre predominance, with the corresponding fibre name and 
the proportion of the fibre. Labelling textile products requires knowledge of the characteristics 
of each fibre type present in the material, so as to enable their identification and quantification. 
  
Animal fibre identification previously relied upon light microscopy (LM) to examine the fibre 
surface for pattern and frequency of scales. It was, however, found to be unsuitable for certain 
fibre blends namely wool/mohair and wool/cashmere, hence the need for an alternative 
technique. Cuticle scale height (CSH) measurement, by scanning electron microscopy (SEM), 
was found to be the most reliable method; and led to the development of the IWTO 58-00 test 
procedure (IWTO 58-00, 2000). This method is time consuming, expensive and very dependent 
upon the skill and experience of the SEM operator.  
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The physical structure of the wool fibre is illustrated in Figure 1.1, and all animal fibres have a 
similar structure, differing only in the shape and arrangement of the cuticle cells (McGregor, 
2012).  
 
Figure 1.1: The structure of a wool fibre (Source: 
http://textlnfo.wordpress.com/2011/11/09/wool/). 
The structure of animal fibres consists of the cuticle, an outer layer of overlapping scales, and 
the cortex. The cuticle cells form a protective layer, against environmental and chemical 
damage, around the cortical cells of the animal fibre (Zhou et al, 2012).Cuticle cells are 
arranged in an unusual fashion, overlapping like tiles on the roof, and are held together by the 
cell membrane complex (CMC) which separates the cuticle and cortex. The cuticle is subdivided 
into three regions, the endocuticle, the exocuticle and outermost layer the epicuticle 
(Abduallah, 2006). The epicuticle is 5-10 nm thick and consists of 75% cross-linked protein and 
25% fatty acids that are predominantly 18-methyleicosanoic acid (Mizuno, 2012). This fatty acid 
layer is responsible for the hydrophobic property of wool fibres (McGregor, 2012). The cuticle 
layer comprises 10-20% of the total wool fibre weight. 
 
The cuticle layer surrounds the cortex, which represents the major part of the wool fibre, 
accounting for 90% of the total fibre (Abduallah, 2006). It consists of spindle-shaped cells. The 
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cortical cells of wool fibre are approximately 110 µm in length and 5.5 µm wide (Hunter, 1993). 
Figure 1.2 shows a detailed internal structure of the wool fibre. 
 
Figure 1.2: Structural features of wool fibre cortical cells (Abduallah, 2006).  
Within the cortical cells macrofibrils are firmly attached to the protein matrix (Mazaffari-
Medley, 2003). The animal fibre cortex is divided into two, namely the ortho and para-cortex, 
differing in chemical and physical properties, while a third region, called the meso-cortex can be 
observed in coarser wool fibres. Cortical cells mainly consist of fibrous (low sulphur) and matrix 
(high sulphur) proteins.  Hunter (1993) stated that mohair consists mainly of ortho-cortex, 
although there is also some para-cortex present. Because different animal fibres, such as wool 
and mohair, belong to the same chemical family (i.e. keratin protein), techniques other than 
chemical analysis have had to be resorted in order to differentiate between them. The most 
reliable and often used techniques rely on differences in the physical characteristics of the 
fibres, notably the cuticle scale height and frequency (Weideman et al, 1987).  
 
This research was aimed at investigating the possibility of establishing a facility in Port Elizabeth 
for identifying different animal fibres, particularly wool and mohair, in mixtures of the two fibre 
types. Attention was first of all directed towards the application of the scanning electron 
microscopy (SEM) since it is presently the only internationally recognised technique for this 
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purpose. In addition, other techniques with potential for differentiating between animal fibres, 
including the Fourier Transform Infrared (FTIR), Fourier Transform Raman (FTR) and the Atomic 
Force Microscopy (AFM) were investigated.  
An outline of this dissertation is as follows: 
Chapter One provides an introduction of the investigation, while Chapter Two contains a brief 
overview of different characterization techniques and methods that have previously been 
applied in animal fibre identification. The theory of characterization used in this study is 
documented in Chapter Three, including the Scanning Electron Microscope (SEM), Fourier 
Transform Infrared-Attenuated Total Reflection (FTIR-ATR) spectroscopy, Atomic Force 
Microscopy (AFM) and Optical Fibre Diameter Analyser (OFDA). Chapter Four contains the 
results and discussion, including statistical analysis of the results and Chapter Five presents the 
conclusions. 
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CHAPTER TWO 
OVERVIEW OF ANIMAL FIBRE ANALYSIS 
In this chapter, the importance of techniques for animal fibre characterization and 
identification is highlighted. This is followed by a brief review of previous work using different 
techniques for animal fibre identification. 
2.1 Introduction 
Characterization and identification, and hence, quantification of different fibre types present in 
a textile product is a necessary and an important step in the accurate labelling of such products 
(Wortmann and Wortmann, 1992). High quality textile products are often made from blends of 
wool with fine specialty fibres (cashmere, mohair, camel hair, etc.). Mohair is often substituted 
with lustre wools in mohair high quality textile products. Phan et al (1988) have shown that 
substitutes (lustre wools), which are not declared, constituted 10-15% of the mohair products. 
The stringent labelling legal regulations have made accurate labelling of each fibre type present 
in such textile products offered to the consumer a necessity (Greaves, 1990).  
Another reason for accurate labelling is to combat the possibility of any adulteration of 
expensive luxury (e.g. cashmere, mohair and camel hair) fibres with less expensive animal fibres 
(such as wool). The considerable difference in prices (e.g. in 2012 mohair cost was some 
R140/kg and wool of similar diameter, some R70/kg), the high demand of speciality fibres and 
the scarcity of these fibres have lead to unscrupulous adulteration and false labelling of fibre 
contents in mohair textile products. Mislabelling of fibre content in garments represents a 
multi-million dollar fraud on consumers and downgrades the image of speciality fibres, such as 
cashmere, mohair and camel hair (Hamlyn, 1998).  
Knowledge of all factors defining a certain type of fibre present in the textile product is 
important for fibre identification. A variety of techniques have been used in the identification of 
textile fibres, and various studies have been undertaken to determine the characteristics of 
different types of natural fibres which can be used in their identification. At present, the only 
internationally accepted technique or method for distinguishing between different animal 
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fibres, such as wool and mohair, in a blend, and for quantifying the blend composition, is that 
based on cuticle scale height, using a scanning electron microscope (SEM). This method is slow 
and expensive technique (McGregor, 2012). A reliable and fast technique thus needs to be 
developed. The proposed technique must be able to distinguish between lustre wools, which 
possess properties similar to those of speciality fibres (e.g. cashmere and mohair), and other 
speciality fibres.  
There is a variety of possible techniques which can be applied and used for animal fibre 
identification although only a few have potential in terms of a fast, reliable and internationally 
accepted technique. Wilkinson (1990) claimed that the list of techniques is shortened even 
further if quantitative analysis is performed on samples where contaminants are in small 
quantities. Fibre treatments further shorten the list. Section 2.2 provides a brief overview of a 
few methods employed in animal fibre identification: 
2.2 Overview of characterization techniques 
Wilkinson (1990) presented the list contained in Table 2.1, summarizing a number of papers 
which had focussed on animal fibre identification. These papers were presented at the First, 
and the Second, International Symposium of Specialty Fibres in Aachen, Germany in 1989. 
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Table 2.1: Fibre identification tools and targets. 
 
 
 
 
 
 
 
 
 
 
 
*1. First International Symposium on Speciality Animal Fibres. 2. Second International 
Symposium on Speciality Animal Fibres. 
Table 2.1 illustrates that microscope techniques were used to study fibre dimensions (fibre 
diameters, fibre length, etc.) and other properties. Microscope and image analysis techniques 
provide information on fibre ellipticity, and surface features (shape of scales, scale frequencies 
and scale thickness), while chromatography and electrophoresis are powerful tools for protein 
analysis. These techniques have shown that there was a difference in the protein fractions from 
merino wool, yak and cashmere, particularly in the high sulphur content, with yak having the 
highest content of cystine and cysteic acid (Wilkinson, 1990).  
The following section briefly describes and discusses the different techniques that have been 
applied in animal fibre identification, and their relevance in this study. 
Tool Reference* Target 
1. Microscopy; light, 
      transmission and 
         scanning electron, 
 image analysis 
1, 2 
1,2 
1,2 
1 
1 
1 
 
Fibre dimensions 
Ellipticity 
Surface features 
Pigment distribution 
Medullation 
Cortical segmentation 
2. Chromatography, 
electrophoresis 
1,2 Protein composition 
3. High pressure 
liquid 
chromatography 
1,2 External and internal lipids 
4. DNA hybridization 1,2 Cell nuclear remnants 
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2.3 Specific techniques 
2.3.1 Microscope based methods 
Animal fibre identification originally depended on the examination of the fibre surface by light 
microscopy (LM), for scale frequency (number of scales found in 100 µm fibre length), and scale 
prominence and pattern. Wilkinson (1990) noted the following limitations to fibre analysis 
using microscopy:  
(a) Natural pigmentation and added dye mask features. 
(b) The features vary along each fibre, as well as between fibres from the same animal. 
(c) The features are obscured or removed by weathering. 
(d) Fibre identification strongly relies on the operator’s judgement. 
(e) Fibre terminology varies from country to country. Wilkinson stated that “an example is 
white Iranian cashmere, which is cashmere in Europe but not cashmere in USA”. 
 
A fibre identification method, based on the assessment of the nature of cortical cells by 
scanning electron microscope (SEM) has been investigated (Garcia-Dominguez et al, 1980). This 
involves a technique known as plasma-etching for removing the cuticle of the fibre to reveal the 
cortex, which is then studied in the SEM. The method involves cutting a flat transverse face to 
the fibres embedded in any epoxy resin. The face is etched with oxygen plasma leading to 
various subcomponents of the fibres being removed, and then observing the specimen surface 
in the SEM. It was noted that the cortical cells from camel hair were between 1.5 and 3 µm in 
width and 75 to 130 µm in length, those from cashmere were found to be 2.7 to 4.1 µm wide 
and 60 to 80 µm in length. The cortical cell surfaces of wool fibres appeared rougher than those 
from Angora rabbit hair. The researchers stated that the nature of the cortical cells could be 
used to identify the origin of the fibre, but this has never been adopted in practice. 
Langley and Kennedy (1981) investigated the possibility of using LM to differentiate between 
lustre wools and speciality fibres. Relationships between scale length and fibre diameter for 
mohair, Buenos Aires (BA) lamb’s wool, cashmere, camel hair and alpaca were reported. Due to 
the fact that certain properties of BA wool resemble those of mohair, it is widely used as a 
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mohair substitute in textile products. The results of this investigation showed that the scale 
length of wool was longer than that of mohair, and that the fibre diameter (FD) of wool was 
greater than that of mohair. The researchers concluded that scale length and fibre diameter 
were unreliable for differentiating between lustre wools and mohair. It was also noted that 
wool had thick scales and wool fibres were a little duller in appearance compared to mohair. 
Since there was no alternative technique, LM was applied in fibre analysis until late 1970s (Phan 
et al, 1988).   
Scale frequency was used in the past as a basis for distinguishing between wool and mohair 
(Hunter, 1993). Wool is presumed to have a scale frequency (number of scales per 100 µm 
length) greater than 5.5 compared with that of mohair which is less than 5.5. Wortmann et al 
(2000) stated that scale frequency varied from 10 to 12/100 µm for wool compared with that of 
mohair varying from 4 to 6/100 µm. Nevertheless, it was found that, depending on breeding 
conditions, mohair may also have a high scale frequency (Kusch and Arns, 1983). These findings 
lead to LM based scale frequency criterion being considered unreliable for animal fibre 
identification. Phan et al (1988) claimed that, despite the fact that scale frequency was found to 
be misleading, it could still be considered as an important identifying feature in animal fibre 
analysis.  
As a step towards the development of a fast and accurate technique, Hermann et al (1990) 
developed a weighted discriminant analysis using two fibre properties (fibre diameter and scale 
frequency) and a three dimensional cluster analysis based on three fibre properties (diameter, 
scale frequency and scale form). The discriminant analysis was based on the bivariate normal 
distribution of the two measured parameters: 
                                              …… (2.1) 
where x represents the fibre diameter, in µm, and y is the scale frequency (number of scales 
per 100 µm length), sx and sy are standard deviations, r is the correlation coefficient and and  
the arithmetic means of the two variables. With all these values in the bivariate function, the 
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discriminant function D(M,W) may be obtained. This function was used to distinguish between 
different animal fibre types, such as mohair and wool: 
                                                                     D(M,W) = l                                 ………………….. (2.2) 
where PM(x,y) and PW(x,y) are the values of the bivariate normal distribution for mohair fibres 
and wool fibres, respectively. Once this relationship is obtained for fibres of known origin, the 
equal-odds line allows identification of values for unknown fibre blends. In the three-
dimensional cluster analysis method, a third variable (scale form) is introduced. This technique 
is aimed at sorting a number of objects which are defined by characteristic data vectors 
(Hermann et al, 1990). It was concluded that both these methods have shown that light 
microscopy combined with statistical classification methods possess a potentially valuable fibre 
blend analysis procedure, which once again strongly relies on the experience of the operator.  
In the early 1980s, a breakthrough in animal fibre identification was made, based on the 
differences in cuticle scale heights (CSH) of sheep wool and goat hair measured by SEM. Kusch 
and Arns (1983) discussed some results on the wool and mohair CSH measurements they 
obtained  when they studied untreated sheep wool and goat hair from different countries. 
Figure 2.1 illustrates CSH measurement on an animal fibre, such as wool or mohair. 
 
Figure 2.1: Animal fibre CSH (h) measurement (Hunter, 1993). 
Kusch and Arns (1983) found that the CSH for wool ranged from 0.73 µm to 1.05 µm (taking 
tolerance intervals into consideration), and from 0.38 µm to 0.49 µm for goat hair. There was a 
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difference of 0.22 µm between the lowest wool CSH value and the greatest goat hair CSH value. 
They therefore concluded that the CSH provided a clear distinguishing property between goat 
hair and sheep wool. The researchers were also concerned about the effect of chemical 
treatment on the CSH and found that even dyed wool fibres can be distinguished from mohair. 
According to Weideman et al (1987), of all the techniques that have been assessed for 
reliability, the CSH method was found to be the most reliable and provided positive 
identification of different animal fibre types. Nevertheless, a significant overlap in the CSH 
distributions of wool and mohair was observed (Weideman et al, 1987).  
Weideman et al (1987) investigated the possible sources of uncertainties in CSH measurements 
by SEM. They noted that variability in scale heights could be due to a scale lying on top of 
another scale, forming a double scale, with a scale height double the normal scale height. In 
some cases, scale deformations made it difficult for measurement on the scale. In some cases 
the scale thickness varied, making it difficult to determine the position for measurement on the 
scale (Weideman et al, 1987). For this reason, the operator needs to be fully trained and to 
have a good knowledge base of animal fibres. 
The observation of CSH animal fibre difference, allowed the possibility and limitations of 
wool/mohair and wool/cashmere blends to be examined. Fibres with CSH exceeding 0.6 µm 
were readily classified as wool, and fibres with a CSH less than 0.5 µm were classified as mohair. 
Where classification was difficult, two or three scales were measured on each fibre for more 
accurate classification. The weight fraction of wool fibres (Ww) in the wool/speciality fibre blend 
can be calculated from the following Wildman/Bray formula (Wortmann and Arns, 1986): 
                                                                   Ww =                   ……………………… (2.3) 
 
Where nw and ns are the number of wool and speciality fibres counted, respectively, and dw and 
ds are the average diameters (with sw and ss standard deviations, respectively) of the wool and 
speciality fibres, respectively.  
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The speciality fibre weight fraction, Ws, can be found from the following expression: 
                                                                                                                    ......................   (2.4) 
Wortmann and Arns (1986) concluded that the CSH measurement technique was reliable and 
provided an accuracy which compared well with that of the often used chemical techniques.  
Criticism of this technique has been the fact that it gives access to only cuticle scale heights and 
that it only distinguishes between wool and specialty fibres (Wortmann and Wortmann, 1992). 
The CSH method led to the development of the international test method, IWTO 58-00 of the 
International Wool Testing Organization (IWTO 58-00, 2000). According to this method fibres, 
lying longitudinally on the SEM stub, are measured for their CSH. Varley (2006), however 
developed a slightly different technique, which he called vertically oriented sequential CSH 
measurement technique, for the examination of animal fibres. Figure 2.2 shows some fibres 
prepared for longitudinal cuticle scale height measurements: 
    
(a)                                                                           (b) 
Figure 2.2: SEM micrographs of (a) Cashmere fibres and (b) CSH measurements (Varley, 2006). 
Varley (2006) argued that one of the limitations of the IWTO 58 test method, was certain profile 
artefacts and limited scale views. Figure 2.3 illustrates that this limitation is largely overcome in 
the vertical-oriented sequential method proposed by Varley (2006).  
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(a)                                                                            (b) 
Figure 2.3: SEM micrographs of (a) Cashmere and (b) wool fibre scales (Varley, 2006). 
Varley (2006) selected six fibres randomly from each of the samples used in his work, and 
observed an overlap in wool CSH and cashmere CSH, which was contrary to previously reported 
results (Kusch and Arns, 1983). Wortmann and Arns (1986) found that cashmere samples had 
CSH ranging from 0.39 ± 0.02 µm and 0.35 ± 0.01 µm while Varley’s vertical-oriented sequential 
method showed scales double these values. He concluded that the vertical-oriented sequential 
CSH measurement technique provided CSH measurements in a more objective and accurate 
manner than was previously reported for the longitudinal CSH measurement.  
The SEM based CSH method is limited by the presence of fibres, with scales which have been 
removed or damaged by chemical treatments or any physical process. Kim (2008) discussed 
classification of unidentified samples and made suggestions on data control in cases of 
unidentified sample portions, which included re-classifying the unidentified portion as wool (in 
specialty fibre/wool blends), in those cases where a speciality fibre could be clearly identified, 
and the unidentified portion to be noted down.  
Wortmann and Wortmann (1992) investigated the possibility of the light microscope as a 
potential technique for animal fibre blend analysis. They made use of Round Robin Trial results 
performed in the seventies. It was concluded that light microscopy was not a reliable technique 
for wool/specialty fibre blend analysis. The possible application of both LM and SEM for fibre 
identification was investigated (Sich, 1990). This was achieved by comparing the advantages of 
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each technique and it was found that the scanning electron microscope provided a clear detail 
of surface features but was incapable of providing internal information for the fibre. It was 
concluded that both LM and SEM were needed for undisputed fibre identification.  
The non-destructive nature (to samples) of the atomic force microscope (AFM), and the 
conditions (air and water) under which it can operate, make the AFM very useful for surface 
imaging. Phillips et al (1995) reported on the changes in the size of the Merino wool CSH when 
exposed to different conditions. Their results showed that CSH measurements ranged from 
0.493 µm to 2.039 µm in dry conditions. It was observed that there was an increase in CSH from 
air exposure to water. The mechanical properties of textile fibres have also been investigated 
using the AFM (Maxwel and Huson, 2004 and Abduallah, 2006).  
Abduallah (2006) reported AFM based CSH measurements on undyed and dyed wool samples 
having 20 µm and 18 µm average fibre diameter (FD). For the undyed fibres, the average CSH 
was 0.88 µm and 0.85 µm for the 20 µm and 18.5 µm, respectively. Abduallah (2006) noted a 
slight shift to higher CSH values as a result of dyeing. The dyed fibres with an average diameter 
of 20 µm and 18.5 µm yielded average CSH of 0.99 µm and 0.96 µm. The disadvantage of this 
technique is that it is very time consuming.  
2.3.2 Animal fibre DNA analysis 
The genetic information of all living organisms is contained in the deoxyribonucleic acid (DNA). 
The DNA is a double stranded (two polynucleotide chains) organic complex molecule composed 
of a repetition of 4 monomers called nucleotides: adenine (A), guanine (G), cytosine (C) and 
thymine (T). The genetic information is stored in the sequence of these monomers. In the late 
1980s it was discovered that the DNA (which was presumed to be found only in fibre roots) was 
also contained in the animal fibre shafts. This was considered an important discovery, as most 
fibres are shorn rather than combed (Hamlyn, 1998). DNA analysis is only capable of 
differentiating between animal fibres, with other techniques (e.g. LM) being used to check for 
the presence of non-animal fibres. Two approaches, namely qualitative and quantitative, of 
DNA identification were documented by Yoshioka (2008). These methods include extraction of 
DNA from the fibre and amplification by polymerase chain reaction (PCR). The fact that the DNA 
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is enclosed in a waterproof environment in keratinised cells makes it difficult to get to the DNA, 
and therefore the extraction process is important. Various studies (Yoshioka, 2008, Ji et al, 
2010), and Kerkhoff et al, 2008), have shown that the DNA identification method is superior to 
microscopy based techniques in terms of objectivity.  
Hamlyn (1998) stated that the DNA analysis is not a quantitative method but is a rapid test for 
determining the presence of fraudulent substitutions in textile products, and is, in fact, not an 
internationally accepted method for quantifying animal fibre blend composition. Kerkhoff et al 
(2008) concluded that the use of both the SEM and DNA methods, in animal fibre identification, 
minimizes the fibre analysis times, compared to when only SEM is applied.   
2.3.3 Spectroscopy-based techniques 
Animal hair fibres consist of cross-linked proteins, known as keratins. These are composed of 
different building blocks, known as alpha-amino acids, interconnected by amide bonds to form 
poly-amide chains (Liu et al, 2008).  Figure 2.3 shows the structure of an amino acid, the protein 
building block. 
 
Figure 2.4: Structure of an amino acid (Gallagher, 2005). 
The amide bond (popularly referred to as peptide bond) is formed by a condensation reaction 
between the carboxyl group of the first amino acid and the amino group of the second amino 
acid as in Figure 2.5. This bond provides the rigid nature of the polypeptides due to its partial 
double bond nature (Panayiotou, 2004). The resonance of this bond, caused by the delocalized 
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electrons between the oxygen and nitrogen, gives the C-N bond double bond character, 
providing the rigidity to the peptide bond.  
 
Figure 2.5: Formation of a dipeptide molecule (Gallagher, 2005). 
A combination of more than two amino acids results in a polypeptide, consisting of a backbone 
and side chains. The backbone is made of the amide nitrogen, the alpha carbon and the 
carbonyl carbon, from each amino acid in a polypeptide. The side chains consist of the R-groups 
hanging from the backbone.  
Different conformational protein structures, the conformation of which influences the position 
and shape of the amide bands, are illustrated in Figure 2.6. The primary structure (modelled as 
beads on a string) folds into a secondary structure, by forming hydrogen bonds between the 
amides.  
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Figure 2.6: Different conformational protein structures (David, 2012).  
Table 2.2 summarises the amide bands observed in FTIR (Panayiotou, 2004) and Raman 
(Jurdana et al, 1995) spectra of the protein secondary structure. 
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Table 2.2: FT-IR and FT Raman amide vibrational frequencies characteristic of protein secondary 
structures. 
Reference Secondary structure 
conformation 
Amide I Amide II Amide III 
 
 
Panayiotou 
(2004) 
 
 
α – helix  
 
 
 
 
β-pleated sheet 
 
 
Random coil 
(disordered) 
 
ν(C=O), ν(N-H)  
 
1655 cm-1 
ν(C=O), ν(N-H)  
1670 cm-1 
 
 
ν (C=O), ν(N-H) 
1667 cm-1 
δ(N-H), ν(C-N) 
 
1550 cm-1 
δ(N-H), ν(C-N) 
1531 cm-1 
 
 
  N.R 
 
            N.R 
 
 
 
            N.R 
 
 
ν(C-N), δ(N-H)  
1249 cm-1. 
 
 
 
 
 
 
Jurdana et al 
(1995) 
 
α – helix  
 
 
β-pleated sheet 
 
 
Random coil  
(disordered) 
 
(C=O), ν(N-H)  
1655-1659 cm-1 
 
C=O), ν(N-H) 
 
1667-1672 cm-1 
C=O), ν(N-H) 
 
 
1665-1675 cm-1 
 N.R 
 
 
 
N.R 
 
 
 
N.R 
ν(C-N), δ(N-H)  
1250 –1280 cm-1 
 
ν(C-N), δ(N-H)  
1229-1240 cm-1 
 
 
ν(C-N), δ(N-H)  
1243-1265 cm-1 
 N.R: Not Reported  
 The FTIR spectra of animal fibres result from the interaction of the IR radiation with the 
vibrating bonds of the polypeptides. The FTIR spectrum provides information about chemical 
bands of bonding functional groups. Characteristic bands found in the protein IR spectrum, 
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included amide I (near 1655 cm-1) and amide II (near 1550 cm-1), and these bands arise from the 
amide bonds joining amino acids (Gallagher, 2005).  
Liu et al (2008) made use of the FTIR technique to differentiate between native fine wools and 
cashmere fibres. This was done by observing differences in the FTIR spectra of the two fibre 
types (wool and cashmere). Table 2.3 provides a summary of typical absorption bands of animal 
fibres, as reported in the literature (Liu et al, 2008). 
Table 2.3: A summary of typical absorption bands found in animal fibres (Liu et al, 2008).   
Chemical Band Region Origin 
Amide I 1655 cm-1 Stretching vibrations of C=O bond 
Amide II  1550 cm-1 N-H bending 
Amide III 1361-1470 cm-1 C-N stretching vibrations 
S-O chemical band Near 1050 cm-1 S-O bond vibration  
Broad O-H and N-H, Near 3500-3100 cm-1 Stretching vibration mode of O-H 
and N-H bonds 
=C-H, C-H stretch band 2850-3000 cm-1 Saturated and unsaturated C-H 
Stretching vibration 
C-C(O)-OR 1720-1750 cm-1 Esters 
 
Liu et al (2008) observed that cashmere fibres contained more amino acids than wool fibres.    
Various studies have been undertaken to study wool fibres using Raman spectroscopy. Keen et 
al (1998) used Raman microprobe spectroscopy to characterize mainly synthetic fibres and 
amongst these was also wool. They found that fibres differing in structure exhibited different 
spectra. In their work, they found that fluorescence was a problem for some of the fibres.  The 
researchers concluded that the use of a longer wavelength (780 nm) laser light is recommended 
since it reduced fluorescence, whilst the time to acquire spectra remains unchanged. Cho 
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(2007) used the Raman microspectroscopy for the identification of textile fibres. The main 
purpose of his work was to prove that Raman microspectroscopy can be recognised as a tool in 
forensic identification of fibres. Two animal fibres, namely, wool and silk, were studied and it 
was found that the apparent difference between the two fibre types was the disulphide bond, 
S-S, appearing at 523 cm-1, due to the amino acid cysteine, not present in silk, but comprising 
11-12% of wool. Liu and Yu (2005) assigned the 513 cm-1 and 665 cm-1 to the S-S and C-S 
chemical bands, respectively. A spectrum of wool was acquired using Raman spectroscopy, and 
new band assignments were made (Lewis and Edwards, 2001). The 3302 cm-1 band was 
assigned to N-H stretching, while the 3062 cm-1 band was assigned to the first overtone of the 
C-N-H bending vibration. The chemical band in the region 2848 cm-1 to 2931 cm-1 was 
presumed to be due to various C-H stretching vibrations. 
Jurdana et al (1995) studied human hair and wool fibres, using the Raman microprobe. Their 
work focused more on the region 1700 cm-1 to 1300 cm-1, spectra being collected from both the 
cortex and cuticle of the hair. A slight change in the positions of the amide I and the Cα-H bands 
was observed. In the cuticle spectra, the amide I and Cα-H bands were found at 1667 cm
-1 and 
1303 cm-1, respectively, whereas the cortex spectra showed that these bands occurred at 1657 
cm-1 and 1312 cm-1, respectively. They reported no differences for the wool cuticle and cortex 
spectra obtained in their work.      
The advantages of the vibrational techniques are the short time it takes to acquire spectra, no 
sample preparation is required and the techniques are non-destructive. 
2.3.4 Against scale friction method 
Smuts and Slinger (1972) proposed the use of the against-scale fibre friction as a way of 
distinguishing between Buenos Aires (BA) wool and mohair. They made use of an unpolished 
ebonite capstan attached to the A-cell of an Instron tensile tester. Their results showed that BA 
wool could be differentiated from mohair even if the two are in a mixture. Smuts et al (1980) 
used the fact that wool has a higher against-scale coefficient of friction than mohair in 
wool/mohair fibre blend analysis. 
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2.3.5 High performance liquid chromatography (HPLC) 
High performance liquid chromatography (HPLC) and gas chromatography (GC) have been used 
for analysing external and internal lipids (waxes and greases) for animal fibres (Wilkinson, 
1990). Wool has the highest external lipid content. According to Hunter (1993) lipid analysis, for 
fibre identification, was limited to untreated fibres, and was recommended as a 
complementary technique to other techniques such as SEM for fibre identification. 
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CHAPTER THREE 
EXPERIMENTAL TECHNIQUES 
In this chapter, the operational principles, and theory for each technique used in this study are 
presented. These are dealt with in the following order: Electron Microscopy, IR spectroscopy, 
Raman spectroscopy followed by Atomic Force Microscopy (AFM). A very brief summary for 
theory of the Optical Fibre Diameter Analyser (OFDA) is given at the end of the chapter, since it 
was used for fibre diameter measurement.  
3.1 Electron microscopy 
3.1.1 Basic theory of electron microscopy 
The first reference to the scanning electron microscope (SEM) was by Max Knoll in 1935. 
Development of this idea led to the first commercial SEM in 1965 (Hawkes and Spence, 2007). 
Electron microscopes are different from the traditional light microscope in that in an electron 
microscope a beam of electrons is used to focus on a specimen whereas in light microscopes 
light is used. The very small wavelength of electrons plays a very important role in the high 
resolution of electron microscopy (Hawkes, 1972). 
The theory that moving electrons have wave-like properties was developed by de Broglie 
(Wischnitzer, 1970). De Broglie concluded that the wavelength which can be assigned to 
moving particles such as electrons can be calculated using equation (3.1): 
                                           λ  =                                       ….................... (3.1) 
Where λ is the wavelength, h is the Planck’s constant, me is the rest mass of the electron and v 
is the velocity of the electron. In the electron microscope, electrons are accelerated by a 
potential difference and the kinetic energy they acquire is given by: 
                                                                         eV =                                              ……………….  (3.2) 
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Hence equation 3.1 reduces to: 
                                                                               λ =                                      ....…………..   (3.3) 
For electrons, after substituting all the known values for constants, equation (3.3) reduces to: 
                                                                            λ nm                                           ..………………..  (3.4) 
This expression shows that the wavelength of the electronsis dependent on the potential 
difference, V, measured in volts, through which they have been accelerated. With high 
acceleration voltages, relativistic effects become significant, where the velocity of the electrons 
approaches that of light and me being replaced by the relativistic mass: 
                                                                       m = me                                       ……………………  3.5) 
In this case the wavelength becomes: 
                                                               λ =                                 ………………………..  (3.6) 
Resolution d of a microscope depends on the wavelength of the radiation according to Abbe’s 
formula: 
                                                                    d =                                                 ..................... (3.7) 
Where  is the semi-angle subtended on the specimen by the lens aperture,   is the electron 
wavelength, defined in equation 3.6, and n is the refractive index of the medium. It is this very 
short wavelength of electrons that gives electron microscopy the property of high resolving 
power. In an ideal aberration free electron lens, equation 3.7 reduces to: 
                                                               d =                                         .......................  (3.8) 
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where θ, the aperture angle,  is very small. 
3.1.2 Scanning Electron Microscopy (SEM) 
The following section briefly describes the basic components of the SEM and highlights the 
importance of each component. In Figure 3.1 a schematic diagram of the components of a 
conventional SEM is depicted and each component is discussed. 
 
Figure 3.1: Schematic diagram of the basic parts of an electron microscope (Minnaar, 2012). 
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The electron gun 
The basic components of atypical tungsten or thermionic electron gun are shown in Figure 
3.2.The electron gun is situated at the top of the electron microscope. The electron gun consists 
of three components, namely the cathode (filament), the Wehnelt cap and the anode. The 
electron beam may be generated from a field emission or thermionic emission source 
(Goodhew, 1975). The latter involves heating the filament so as to provide the electrons with 
energy to overcome the filament work function (φ). When the filament is heated to about 2800 
K it starts emitting electrons, up to a certain point, after which increases in temperature do not 
result in any emission (Goodhew, 1975). This point is called the saturation point of the filament. 
Increasing the filament current (I) may eventually result in the filament burnout. The negative 
bias Wehnelt cap acts as a weak lens, creating the first crossover d0, as shown in Figure 3.2.  
 
 
Figure 3.2: Schematic diagram of a thermionic electron gun 
(source: http://www4.nau.edu/microanalysis/Microprobe-SEM/Instrumentation.html).  
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The negatively charged electrons are attracted towards the anode and are accelerated down 
the column towards the specimen. The limiting factor in electron microscopy is the brightness, 
which is defined as the number of electrons that can reach the specimen in one second 
(Goodhew et al, 2000). For thermionic emission, brightness is given by the expression: 
                                                              B = Amm-2sr-1                     ……………………    (3.9) 
Where T is the temperature of the filament (in degrees Kelvin) and ϕ is the work function, 
defined as the minimum energy required for removing an electron from the metal, k is the 
Boltzmann constant and V the electron acceleration voltage. The field emission is considered to 
be superior to the thermal emission in a variety of ways (Hawkes, 1972).  
An alternative and superior electron source is the Field Emission Gun (FEG). The principle of the 
FEG is based on electrons leaving the metal surface by tunnelling. This is achieved by applying a 
voltage to the extraction anode resulting in an intense electric field at the metal surface. A 
potential difference between the second anode and the metal tip facilitates the acceleration 
voltage (V) of the electron gun. FEG sources are superior to thermionic sources in brightness 
and this is due to the fact that the source size in FEGs (>5nm) is less than that in thermionic 
source (30-100 µm). The small probe diameter, which is related to resolution, depends on the 
source size or the diameter of the beam emanating from the gun (Hafner, 2007). 
Electromagnetic lenses 
The electron beam, emerging from the electron gun, is focussed and demagnified by the 
electron lenses found in the microscope column. Electron lenses consist of an axially symmetric 
magnetic field. This section will provide brief details of the properties of the magnetic lens and 
the behaviour of the electron beam in the magnetic lens. Figure 3.3 shows an example of an 
electron microscope lens. 
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Figure 3.3: Electron lens (Wittke, 2006). 
Consider an electron emanating from the electron gun, moving down the column with a 
velocity v, encountering a magnetic field strength, B, as it enters the lens. The electron will 
experience a magnetic force F, perpendicular to the direction in which the electron is moving; 
this is expressed well by the Lorentz force equation: 
                                                                                                                   ....……………   (3.10) 
From the Lorentz force equation (3.10), it is clear that the vector cross product results in a force 
perpendicular to the direction of motion of the electron upon entering the lens (Sweetgall and 
Hughes, 2007).The electrons will focus along a spiral path to the focal point.  
In an SEM there are two sets of magnetic lenses, namely, condenser and objective lenses. 
Below is a very brief summary of the functions for each of these lenses in an electron 
microscope. 
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Condenser lens 
The condenser lens is found just below the electron gun in an electron microscope. The use of 
more than one condenser lens is to ensure that a very fine spot illuminates on the sample. The 
condenser lens determines the diameter of the beam and intensity illuminating the specimen 
(Hawkes, 1972).The beam diameter, d0, leaving the gun, is demagnified by the first condenser 
lens. The size of the lens apertures allows only electrons moving close to the optical axis to 
continue down the column. The second condenser lens controls the intensity of the beam. 
Objective lens 
The objective lens focuses the demagnified beam on the specimen surface and this is achieved 
by correct adjustments on the working distance (WD). The relative long focal length of the 
objective lens allows a large working distance in the range of about 5-30 mm (Hawkes and 
Spence, 2007).The WD is defined as the distance from between the surface of the specimen 
and the bottom of the objective lens (Hafner, 2007). 
Figure 3.4 illustrates the focussing of the objective lens: 
 
Figure 3.4: Objective lens focussing (Hafner, 2007). 
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Figure 3.4  shows a specimen in focus (A) and an out of focus specimen (B) which is due to the 
increased working distance. 
3.1.3. Electron lens aberrations 
When the Gaussian assumption, which assumes that all electrons travel near the optical axis 
down the column is imposed, an aberration free image would be expected. A few types of lens 
aberrations found in electron lenses are discussed in the next section: 
Spherical aberration 
This type of aberration is referred to as geometric aberrations because it is a result of the 
geometry of the lens field (Wischnitzer, 1970). The Gaussian approximation implies that the 
angle between the incident beam and the optical axis is very small, such that the approximation 
holds for the electrons from the axis. 
 
Figure 3.5: Beam focussing in the presence (A) and absence (B) of spherical aberrations 
 (source: http://131.229.88.77/microscopy/semvar.html). 
As illustrated in Figure 3.5, electrons, or rays, that emerge from a point on the axis close to the 
optical axis are focused with longer focal lengths than those electrons that pass through the 
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periphery of the lens (Hawkes, 1972). In simple terms, the periphery of the electron lens has 
more focusing strength than the region closer to the optical axis. The only way these 
aberrations can be eliminated is by using a small angle aperture for the objective lens 
(Goodhew, 1975).  
Chromatic aberration 
Chromatic aberration results from the fact that the lens cannot focus electrons of different 
velocities and wavelength at the same focal point. Changes made on the high voltage power 
supply lead to fluctuations in acceleration potential, which lead to changes in velocities of 
electrons moving down the column (Wischnitzer, 1970).   
 
Figure 3.6: Chromatic aberration 
 (Source:http://www.a-levelphysicstutor.com/optics-convx-lnss.php.). 
As shown in Figure 3.6, rays of different wavelengths are brought into focus at different focal 
points. The focal length of electron lenses (magnetic) depends on the magnetic field strength B 
and the acceleration voltage V through which the electron beam is forced down the microscope 
column (Oately, 1972). Since the electrons emerging from the electron source have different 
energies they are focused into a disc of least confusion, with the diameter as given in the 
equations below (Reimer, 1998), 
                                                                                                                       ……….. (3.11 a) 
                                                                                                                     ....……..  (3.11 b) 
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 Where and  are distances between objects which are just resolved due to voltage and 
current respectively, kc is a constant, f is the focal length,  is the objective aperture angle, V 
and  are the acceleration voltage and change from acceleration voltage of electrons forming 
the image respectively, and I and  are the current and its change. 
Astigmatism 
Astigmatism is another defect that is observed in electromagnetic lenses. Astigmatism arises as 
a result of a lack of symmetry in the magnetic fields produced by the lenses (Hafner, 2007). This 
defect results in an elliptically shaped probe. The effective diameter is equal to the length of 
the long axis. The effect of astigmatism affects the spatial resolution and can be corrected for 
by means of a device known as a stigmator. This superimposes a weak additional magnetic field 
across the gap in the pole pieces, which may be varied in both strength and direction to correct 
for the symmetry (Southworth, 1975).  
3.1.4 Sample-beam interaction 
When a beam of electrons is incident on the surface of the specimen, beam-sample interactions 
are due to the interaction of the electron beam with the atoms of the specimen (Hawkes and 
Spencer, 2007). Figure 3.7 shows an interaction volume. This is the region within the sample 
into which the primary beam penetrates.    
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Figure 3.7: The interaction volume  
(Source: http://www.zmb.uzh.ch/teaching/Bio321/EM_Technique.pdf). 
 In the following section two possibilities of electron beam-sample interactions are briefly 
discussed, namely elastic and inelastic interactions: In elastic scattering only the directions of 
electrons incident on the specimen surface are affected. There is no energy change. In inelastic 
scattering, energy transfer from the primary electron to the sample atom takes place.  
Beam-sample interactions result in the emission of a variety of signals which are made use of in 
electron microscopy. These signals include Secondary Electrons (SE), Backscattered Electrons 
(BSE), X-rays, Auger Electrons (AE) and Cathodoluminescence (CL). 
Secondary electrons  
The secondary electron signal is the one mostly used in electron microscopy for observing 
surface topology (Giri, 2002). This signal is a result of inelastic interaction of the primary beam 
with the loosely bound valence electrons of the specimen. These are the specimen electrons 
which are given sufficient energy (in the range 0-50 eV) to overcome the work function of the 
specimen (Southworth, 1975). The detector for secondary electrons (SEs) is the Everhart-
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Thornley (E-T) detector. A positively biased collector grid collects the generated SEs which are 
then accelerated by about 10 kV to the conductive scintillator (Hawkes and Spence, 2007). One 
purpose of the collector grid is to attract even those SEs which were moving away from the 
detector. In Figure 3.8 some of the resulting signals from the interaction of the primary electron 
beam with the specimen are shown. 
 
 
Figure 3.8: Primary beam-specimen interaction  
(Source: http://serc.carleton.edu/research_education/index.html). 
 
As the electrons strike the scintillator light photons are generated, which are then reconverted 
into a pulse of electrons by the photomultiplier (Giri, 2002). These electrons are amplified and 
used to modulate the intensity of the cathode ray tube (CRT) (Goodhew et al, 2000). The SE 
resolution of images is governed by the beam size and the highest can be achieved by the use 
of a small beam size. The typical resolution is in the order 0.8 to 2 nm.  
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Backscattered electrons 
This signal is formed by elastic scattering. The backscattered electron signal consists of high 
energy electrons from the incident electron beam reflected back after interaction with the 
specimen atoms (Voutou and Stefanaki, 2008). These electrons originate from much deeper 
within the specimen surface and the yield of this signal is largely dependent on the atomic 
number of the specimen, with a higher atomic number having higher yield than low atomic 
number specimens (Southworth, 1975). The spatial resolution of BSE imaging is much worse 
than that of SE images because many electrons come from deep within the specimen leading to 
an increased noisiness of the image. 
 
3.1.5 SEM Experimental procedure 
Two wool and two mohair samples were examined for cuticle scale heights (CSH) using the 
Phillips XL-30 SEM. The samples below were provided by the Council for Scientific and Industrial 
Research (CSIR) in Port Elizabeth.  
1. Dorset Horn (DH) wool. 
2. Lincoln wool. 
3. Adult mohair. 
4. Kid mohair. 
Two samples were drawn from the DH wool population to prove the repeatability and 
reproducibility of the CSH method. Figure 3.9 shows the Phillips XL-30 SEM used in this 
study to analyse wool and mohair fibres. 
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Figure 3.9: Phillips XL-30 SEM. 
Fibre snippets of 0.4 mm length were acquired using a hand microtome as described in the 
IWTO standard test method (IWTO-58-00, 2000). The fibre snippets were collected in a 10 mm 
diameter test tube and suspended in 2 ml ethyl acetate and the mixture was stirred using a 0.5 
mm diameter stainless steel rod. The mixture was poured on the glass plate. After the 
evaporation of the ethyl acetate, double sided adhesive tape dots were pressed onto the 
snippets and the tapes were pulled from the glass plate and pressed on the SEM stubs. The SEM 
stubs were inserted in the SEMPREP 2 sputter coater and gold coated for 30 seconds. SEM 
images were acquired at 5 kV acceleration voltage, a spot size of 2 and the working distance of 
close to 10 mm. These settings provided sufficient signal to obtain optimum quality images. All 
CSH measurement reported in this study were performed on images acquired at 10,000x 
magnification. 
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3.2 Infrared (IR) spectroscopy 
3.2.1 Principle of IR spectroscopy 
IR spectroscopy involves irradiating of a specimen under investigation with electromagnetic 
radiation and observing which wavelengths are being absorbed by the specimen (Gallagher, 
2005). For the incident infrared radiation to be absorbed it must cause a change in the dipole 
moment of a vibrating molecule. The intensity of the absorption band is proportional to the 
change in the dipole moment of the molecule. This technique is considered as the fingerprint of 
chemical compounds, meaning each compound present in the specimen will show its unique 
absorption band (Stuart et al, 1996 ).   
3.2.2 Basic theory of infrared spectroscopy 
There are two techniques that can be used to investigate vibrational energy levels of a 
molecule: (i) by measuring the amount of energy absorbed by the molecule in the infrared 
spectroscope or, (ii) by measuring the how much energy was scattered by the sample from the 
incident laser beam by Raman spectroscopy (Whiffer, 1966).  
According to classical physics electromagnetic radiation has particle–like and wave-like 
properties (Stuart et al, 1996).   
The relationship between frequency and the wavelength is given by: 
                                                                                f =                                       ………………    (3.12) 
Where  is the frequency and c is the speed of light (which is ≈ 3x1010cm.s-1 in vacuum). 
The wavenumber ω is used in infrared spectroscopy and is defined as the number of waves per 
unit length, with unit of cm-1, or simply the number of waves in one centimetre. This is a 
universally accepted unit to express the vibration frequencies. The wavenumber ω is related to 
frequency according to the equation: 
                                                                             ω =                                   ....…………………. (3.13) 
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Thus, the wave number of a vibration is directly proportional to the frequency.  
Electromagnetic radiation consists of a number of quanta (called photons) for which the 
energy, E, is represented by equation (3.14) (Stuart et al, 1996): 
                                                                                                                       ............................ (3.14) 
Where h is the Planck’s constant (h = 6.626x10-34Js).  
The infrared region of the electromagnetic spectrum is subdivided into three subsections 
according to the wavelength λ. 
Near-infrared 
The near-infrared region extends from 0.78 µm to 2.5 µm wavelength in the electromagnetic 
spectrum (Günzler and Gremlich, 2002).  
Mid-infrared 
In the EM spectrum this region is found in the wavelength range from 2.5 µm to 25 µm. This is 
the most widely used region of the infrared region, and is often referred to as fundamental 
infrared. It contains rotational and vibrational energy transitions of chemical compounds. 
Far-infrared 
The far-infrared region occupies the wavelength range, in the region 25 µm to 1000 µm. In this 
region, the rotational energy transitions occur, although several low-energy vibrational 
transitions may interact with the radiation in this region. 
The absorption of infrared radiation by molecules 
Consider a single particle, of mass m, connected by a springs from both sides between two rigid 
walls, as illustrated in Figure 3.10. Assume that the particle is only constrained to move in the x 
direction, it is at equilibrium at x = 0, and that the springs obey Hooke’s law, such that the force 
exerted on the particle is directly proportional to the displacement in the x direction. This 
relationship is represented by equation 3.15: 
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  Figure 3.10: A particle of mass m constrained to move in the x direction. 
                                                                                                                        .................  (3.15) 
Where k is the spring, or force, constant. 
When the particle is displaced from the equilibrium position to x = x0, and then released, it will 
perform harmonic vibration motion about x=0. The solution of the differential equation: 
                                                                           ……………...     (3.16) 
Is given by  
                                                    )                                       ……………… (3.17) 
Where x is the instantaneous displacement from the equilibrium position at any time t, and x0 is 
the original displacement of the particle (also the amplitude of the vibration). From this 
equation it is clear that the frequency of vibration is given by:  
                                                                  f                                     ...........………  (3.18) 
This frequency can also be expressed in terms of wavenumber,ω, as follows: 
                                                                                                         ..……………. (3.19) 
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From equation (3.18), it is apparent that the frequency of a harmonic oscillator is dependent 
only on k and m, and is independent of the amplitude of the vibration. When considering the 
energy of the particle undergoing harmonic oscillation, and assuming that there are no friction 
loses, the particle will always have the same total energy at any given position. Depending on 
the position of the particle, at any given instant, this energy will be partly potential and partly 
kinetic. The potential energy (PE) of the particle is given by: 
                                                                                           …....……….. (3.20) 
At x0 (the initial displacement), the particle has zero kinetic energy (KE), and this implies that 
the total energy (E = PE + KE) of the particle, as it oscillates between x0 and -x0, is given by: 
                                                                                         E                                          ……....... (3.21) 
   
Figure 3.11: The potential energy of a harmonic oscillator as a function of position from 
equilibrium (Potts, 1963). 
The horizontal line in Figure 3.11, labelled E0, illustrates the energy of the particle as it moves 
between x0 and –x0. It is clear that the total energy of the particle depends only on k and x0. As a 
result, any energy value is allowed. This is the property which distinguishes the classical 
40 
 
harmonic oscillator from the quantum harmonic oscillator. The above results are inadequate to 
describe energy relations of small particles; this is where the application of quantum theory 
comes in. The quantum mechanical approach makes use of the Schrodinger time-independent 
equation: 
                                                     - (                       …...............   (3.22) 
Where E is the energy eigenvalue of the system and  is the wave function. This equation 
has solutions for certain discrete values of its parameter which result in E being allowed only 
values given by the equation: 
                                                                  E = (n + )                                   …………...………  (3.23) 
Where n, the vibrational quantum number, is constrained to be a positive integer or zero.  
Using the earlier relation between the vibration frequency, the force constant and the mass, 
the following relationship is obtained: 
                                                                                             ..…………....  (3.24) 
This can also be expressed in terms of wavenumbers as: 
                                                                                  ..........   (3.25) 
From the above expression, it is clear that the energy of the quantum harmonic oscillator can 
only have half integral multiples of hcω. Figure 3.12 illustrates the allowed energy levels of a 
quantum mechanical oscillator. The most important aspect to note in Figure 3.12 is that the 
energy states are equally spaced, the energy difference between any two states being hcω. 
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Figure 3.12: Energy states of a quantum mechanical oscillator (Potts, 1963). 
Consider next a diatomic molecule, which is the simplest molecule that exhibits internal 
vibrational frequency. The diatomic molecule can be regarded as two masses, m1 and m2, 
connected by a spring. 
 
Figure 3.13:  A schematic representation of a diatomic molecule (Minnaar, 2012). 
Provided that the spring obeys Hooke’s law, this system will oscillate with harmonic motion, 
and the oscillation frequency is given in wave numbers by the following equation: 
                                                                                                      ……..…….… (3.26) 
Where mr is the reduced mass of the system, defined as follows: 
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                                       mr  =                                    ….………….... (3.27) 
If m1 is much smaller than m2, equation (3.27) reduces to the following expression: 
                                              mr =  = m1                                                  ………..   (3.28) 
Under this condition, equation (3.26) then reduces to: 
                                                                                                   ……………..   (3.29) 
If the approximation of a diatomic molecule is reasonable, the allowed vibrational energy states 
for a diatomic molecule are the same as those of the harmonic oscillator which were derived 
earlier, namely: 
                                                                                                                   …...…….     (3.30) 
As a result, the energy level diagram will look like the one shown in Figure 3.12, but the space 
parameter will be r, the interatomic spacing, and the equilibrium position will be at r = req 
(rather than x = 0). It is the uniqueness of these energy levels that allows one to identify any 
diatomic molecule using IR absorption spectroscopy. 
Consider now a vibrating heteropolar diatomic molecule A-B, which is in one of its allowed 
energy states. The change in interatomic distance of the molecule, which is caused by the 
vibration, results in a change in the dipole moment. In the process a stationary electric field is 
produced and it is this stationary electric field that interacts with the incoming moving electric 
field of the electromagnetic field. The magnitude of this stationary electric field changes with 
time at a frequency equal to the frequency of vibration. It is clear that, for interaction to occur 
between a molecule and the infrared radiation, there must be a change in the dipole moment 
of that molecule.  In homopolar molecules there is no dipole-moment, and hence no interaction 
between these molecules and infrared radiation (Potts, 1963).  
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If a vibrating heteropolar diatomic molecule is illuminated with infrared radiation, which 
consists of energy or wave packets of moving alternating electric field, a sufficient amount of 
energy absorbed by the molecule is able to excite the molecule from the low energy state to 
higher energy state. Thus: 
                   Equantum= ∆Emolecule = [(1 + cωvibration – (0 + ) hcωvibration] 
                                      = hcωvibration                                      .………………. (3.31) 
But  
                                                                        Equantum= hcωquantum                                  ..…………….  (3.32) 
From the two expressions, (3.31) and (3.32), it follows that: 
                                                                          ωquantum = ωvibration                                                           …………… (3.33) 
From this result it is clear that the molecular vibration frequency must be the same as the 
frequency of radiation for absorption to occur. The absorption spectrum is considered a 
“fingerprint”, since every compound exhibits a different IR spectrum. 
3.2.3 FTIR-ATR theory 
Attenuated Total Reflectance (ATR) is the most frequently used FTIR sampling tool today. This 
technique is based on the fact that the infrared beam undergoes total internal reflection at the 
crystal-sample interface (Barbara, 2004). 
Figure 3.13 illustrates how total internal reflection takes place. If the angle of the laser beam, 
upon entering the crystal, is greater than the critical angle, it undergoes total internal 
reflection. 
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Figure 3.14: Illustration of total internal reflection, (source: 
http://www.utsc.utoronto.ca/~traceslab/ATR_FTIR.pdf). 
 
It is this reflectance that creates an evanescence field that interacts with the dipole moments in 
the sample. One of the important advantages of the ATR is the depth of penetration, dp, of the 
beam into the sample, given by the following expression: 
                                                              dp =                                 ..............   (3.34) 
Where λ is the wavelength of the infrared beam, θ is the incidence angle relative to the 
perpendicular from the surface of the crystal, and n1 and n2 are the refractive indices of the 
crystal and sample, respectively. In ATR, the depth of penetration is typically 0.5 µm to 5 µm. 
ATR crystals are made from materials that are insoluble in water, and of high refractive index, 
such as Ge, Si, ZnSe or diamond. 
 
3.2.4 Experimental procedure 
3.2.4.1 Samples 
IR spectra of animal fibres were acquired using a Bruker Vertex 80 FTIR spectrometer, 633 nm, 
1mW HeNe laser in the 4000-400 cm-1 range, shown in Figure 3.15 below. Two wool (Romney 
Marsh and Corridale wool) and four mohair samples were analysed on the FTIR instrument. 
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Figure 3.15: Bruker Vertex 80 FTIR spectrometer with ATR attachment. 
One advantage of this technique is that there is no special sample preparation required. Wool 
and mohair specimens were folded into bundles of approximately the same thickness and 
inserted on the spectrometer sample compartment against the ATR crystal window. A spectral 
resolution of 4 cm-1was used and 32 scans were used in this study as it provided less noise. 
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3.3 Raman Spectroscopy 
3.3.1 Raman operational principle 
In Raman spectroscopy a sample is illuminated with an intense laser beam in the UV-visible 
region of the electromagnetic spectrum (Ferraro et al, 2003). When the electromagnetic 
radiation illuminates a sample, certain wavelengths are absorbed and some transmitted and 
others scattered. The main purpose of the Raman instrument is to measure the scattered 
radiation frequencies. In simple terms the principle of the Raman spectrometer is based on the 
removal of a certain amount of energy by the molecules present in the sample from the 
particles of the incident laser light illuminating the sample (Whiffer, 1966). The Raman 
spectrometer analyses these scattered light beams and yields information in the form of a 
spectrum. The scattered light consists of different energies and hence frequencies, namely 
Rayleigh and Raman scattering.   
 
3.3.2 Theory of Raman spectroscopy 
When electromagnetic radiation irradiates a molecule or particle, the energy or the frequency 
of that radiation may be transmitted, absorbed or scattered. The Raman effect is a result of the 
scattering event when the electromagnetic radiation interacts with matter (Goosen, 2006). 
Raman spectroscopy is, like IR, a method for studying molecular vibrations. Both methods often 
provide similar spectra but notable differences also exist, leading to the two techniques giving 
complementary information. Different interactions of matter with the electromagnetic 
radiation make the two methods distinct from each other (Günzler and Gremlich, 2002). 
When the photon interacts with a molecule, the following three processes may result, namely, 
absorption, emission or scattering. 
Absorption: If the energy of the radiation is sufficient to excite an electron from a lower energy 
state to the higher state, then the applied radiation is absorbed.  
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Emission: Occurs from excited molecules, at some time equal to or greater that the lifetime of 
the molecule in the initial excited energy state. The energy of the emitted photon corresponds 
to the difference between the two stationary energy states of the molecule. 
Scattering: This is a faster process (occurs in 10-14 s) and is due to the interaction of a photon 
and molecule when the photon energy does not correspond to the difference between any two 
stationary energy states of the molecule. Scattering may occur without a change in the 
frequency of the incident photon (Rayleigh scattering) or with some change in the incident 
photon frequency (Raman scattering) (Barańska et al, 1987). 
 
Figure 3.16: Interaction of monochromatic radiation with the specimen molecules (Minnaar, 
2012). 
The laser beam can be considered as an oscillating electromagnetic wave with electric vector E 
which upon its interaction with the sample induces electric dipole moment P = αE, which 
deforms the molecules and facilitates their vibration with characteristic frequency m. The 
monochromatic laser beam of frequency 0, excites molecules and transforms them into 
oscillating dipoles. Such dipoles emit light of three different energy or frequency (Figure 3.16) 
when: 
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1. A molecule that is Raman inactive absorbs the monochromatic wavelength with the 
frequency 0. The excited molecule returns back to the same basic vibrational state and 
emits light of the same frequency as the incident laser beam. This interaction is the 
Rayleigh scattering and is very intense. 
2. Absorption of the incident monochromatic light of frequency 0, by a Raman active 
molecule which at the time of interaction is in the basic vibration state. Part of the 
incident beam’s energy is transferred to the Raman-active mode with frequency m and 
the result is the reduced frequency of the excitation source to 0 – m and this Raman 
frequency is called the Stokes frequency. 
3. A photon with frequency 0 is absorbed by Raman-active molecule, which at the time of 
interaction is already in the excited state. The excited molecule releases energy and 
returns to the lower vibrational energy state and the resulting frequency of the 
scattered light is increased to 0 + m and this Raman frequency is called the Anti-Stokes 
frequency.  
Raman scattering (Stokes and Anti-Stokes scattering events), as opposed to Rayleigh 
scattering, is a very weak process (1 in 107 photons).  
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3.3.3 FT RAMAN Experimental procedure 
Three wool samples (Dorset Horn, Romney Marsh and Corridale) and four mohair samples, 
received from the CSIR, have been analysed by FT Raman.  
The wool and mohair samples were folded into bundles of uniform thickness and inserted on 
the FT Raman instrument for analysis. Table 3.1 contains the instrument conditions used in this 
work. 
Table 3.1: Instrumental conditions used in this study. 
Instrument parameters Conditions 
Laser type Nd: YAG 
Laser wavelength 1064 nm 
Laser power 500 mW 
Number of scans 100 
Resolution 4.0 cm-1 
Spectral range 300-3500 cm-1 
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3.4 Atomic Force Microscopy (AFM) 
3.4.1 The AFM principle 
The AFM technique relies on the fact that a tip of a very small diameter is scanned in a raster 
pattern (i.e. point-wise and line by line) across the surface of the sample. The scanning is done 
by a piezoelectric tube scanner which scans the tip on the specimen surface. Figure 3.17 shows 
the AFM tip scanning principle. 
 
Figure 3.17: Illustration of AFM measurement principle in static mode (Bruker Nano, 2009). 
As the scanning takes place, the tip encounters hills and valleys on the specimen surface, 
forcing the cantilever to bend upward or downward respectively (Hawkes and Spence, 2007). A 
suitable detector is used to measure the cantilever deflection.  
3.4.2 Theory of AFM 
The use of forces in imaging surfaces rather than using current, which had been used in 
scanning tunnelling microscopy (STM) was proposed in 1986 and this lead to the development 
of the AFM (Meyer, 1992). STM analysis was limited to conductive specimens and this limitation 
was overcome after the AFM was invented. The AFMs consists of the following basic parts: 
Cantilever and tip 
Piezoelectric scanner 
Interferometric detection 
Feedback loop 
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The cantilever and the tip 
An AFM uses a very sharp tip suspended at the end of a cantilever, which fulfils the function of 
a bar leaf spring. In the ULTRAObjective AFM system, the tip presses with the spring force of 
the cantilever towards the sample surface. The spring force or load force results from the 
deflection of the cantilever described by Hookes law. The tip of the Ultraobjective system is a 
very fine point, of a typical radius of 10 nm. The tip radius determines the resolution of the 
AFM, the smaller radii providing higher resolution (Bruker Nano, 2009). 
 
Figure 3.18: Illustration of the tip radius definition (Bruker Nano, 2009). 
This system is considered the most critical component of the AFM as it is the part which 
interacts with the sample. 
Piezo-electric scanner 
The piezoelectric scanner is considered the heart of the AFM (Brandon and Kaplan, 2008).The 
scanner can be mounted with the cantilever or the sample stage. In Figure 3.19 a piezoelectric 
tube scanner is depicted. 
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Figure 3.19: The piezoelectric scanner (Ndlovu, 2011). 
Piezoelectric scanners are usually made from ceramic materials which expand and contract in 
response to an applied voltage. The expansions and contractions of the scanner allow 
movements of the tip in three dimensions: in-plane with the surface (X and Y directions) and 
perpendicular to the surface (Z direction) over the sample (Brandon and Kaplan, 2008). 
Interferometric detection 
The ULTRAObjective system uses a fibre-optic interferometer to detect the cantilever 
deflection. The detection system used in the ULTRAObjective system is illustrated in Figure 
3.20.  
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Figure 3.20: Fibre-interferometric detection (Bruker Nano, 2009). 
A laser (with a wavelength λ = 790 nm), which produces monochromatic light, is transmitted to 
the cantilever by the fibre-optic cable. The laser light is reflected in two planes, namely the 
planar end of the fibre (reference wave) and the backside of the cantilever (detected wave). 
The two reflected light waves interfere and are sent to the electronics via fibre optic cable and 
an interferometric signal which is dependent on the phase difference between the reference 
and detected wave is generated. This interferometric signal determines the position of the tip 
on the sample surface. 
The Z- feedback loop 
The ULTRAObjective system can operate in static (contact) and dynamic (non-contact) mode. In 
static operation mode the cantilever deflection is controlled at a preset value of the force 
applied on the sample. The interferometric signal determines the cantilever deflection and 
provides the active force applied on the sample surface.  
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Figure 3.21: Components of a closed feedback loop (Bruker Nano, 2009). 
Deviation from the preset value is sent to the closed Z-feedback loop as an error signal. The 
closed Z-feedback loop controls the vertical deflection of the scanner towards its input signal, 
i.e. the Z-feedback works inversely to the deviation of the target value.  
The Z-feedback output data are called the height data, topographic data or the z-position data. 
These are recorded as raw data and can be imaged as a frame in the computer.   
3.4.3 AFM Experimental procedure 
AFM CSH measurements were performed on a Dorset Horn (DH) wool sample and Adult mohair 
sample using the AFM instrument.  
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       Figure 3.22: The CSM AFM instrument. 
Fibres were mounted on a steel plate by stretching and taping them using sellotape at both 
ends to remove crimp. Image analysis was performed using Gwyddion-2.3 software, which is for 
processing of z-height fields obtained using Scanning Probe Microscopy (SPM).  
AFM acquisition parameters 
Width of the specimen area scanned = 24.42 µm 
Height of the scanned area on the specimen = 20.00 µm 
Width x height = 256 x 209 pixels 
Number of lines scanned in one second = 0.75 lines/sec 
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3.5 Optical Fibre Diameter Analyser (OFDA) 
3.5.1 Brief theory of OFDA 
The quality of mohair is defined as the combination of style and character, freedom from 
objectionable medullated fibres, lustre, handle, fineness and length uniformity (Hunter, 1993). 
Fibre diameter is one of the most important price-determining parameters of mohair, and is of 
great importance in determining the eventual textile qualities and final manufacturing 
applications of mohair (Hunter and Botha, 2011). The presence of kemp fibres is the second 
important parameter affecting the price and processing of mohair. These parameters are 
measured using the OFDA, an automatic image analysis system. 
The OFDA is an automatic microscope, the physical layout of which is illustrated in Figure 3.23. 
The OFDA was introduced to meet the need for a less expensive and fast technique for 
substituting the slow projection microscope method (Qi et al, 1994).  
 
Figure 3.23: The physical layout of the OFDA instrument (Botha, 2005). 
The OFDA combines the properties of the projection microscope (PM) with those of 
computerised image acquisition. Fibre snippets, 2 mm in length, are cut from combed sliver or 
raw fibre samples (Botha, 2005).  
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3.5.2 OFDA Experimental procedure 
Samples 
The following samples, used for the SEM analysis, were measured for fibre diameter using the 
OFDA instrument: 
1. Dorset Horn (DH) sheep wool. 
2. Lincoln wool sample. 
3. Adult mohair. 
4. Kid mohair. 
Specimen preparation 
A detailed experimental procedure of fibre analysis, using the OFDA, is documented on 
American Standard Methods (ASTM D6500-00, 2012).Fibre snippets, 2mm in length, were cut 
from the wool and mohair slivers using a guillotine. Using a fibre spreader (accepting 1.5 mm to 
2 mm snippets) the fibre snippets were spread onto 70 mm x 70 mm glass slides, after which a 
second slide attached to this by means of a fabric hinge, was place on top of the snippets. The 
slides were placed on the microscope stage for the scanning of the fibres. The method 
recommends that the instrument setting remains stable, and that the whole slide is measured 
using the whole slide x 2 option, to ensure that at least 4000 snippets are measured (Botha, 
2005).  
 
 
 
 
 
 
58 
 
3.6 Brief theory on statistics 
Statistics is defined as the science of collection, organizing and interpreting experimental 
information or data (Moore and McCabe, 1989). In everyday life, people in different study fields 
such as Biology, Economics and Health sciences are bombarded with data which they need to 
statistically analyse to derive valid conclusions and make reasonable decisions. This section 
briefly discusses some statistical terms and concepts which are directly or indirectly relevant to 
this study. 
Measures of the centre of a distribution 
The arithmetic average, or mean, is the most encountered measure of the centre of the 
distribution (Kranzler and Moursund, 1999). A measure of central tendency is a typical value, 
around which all other values are found. If n observations are denoted by x1, x2,......, xn,  their 
mean is given by the following equation: 
                                                                = x1 + x2 + ··········· + xn)                             ...............     (3.35) 
When the set of data is arranged from smallest to the largest, the median is the central 
observation on the list, if the number n of observations is odd, while it is the mean of the two 
central observations if the number of observations n is even. Its location is found by counting 
(n+1)/2 observations from the bottom of the list (Moore and McCabe, 1989). The mode is 
defined as the most frequently occurring observation on the list of data.  
Measures of variability 
The standard deviation is the most common measure of the spread about the mean of a data 
set (Moore and McCabe, 1989). The standard deviation measures how far each observation 
deviates from the mean value. It is obtained by subtracting the mean from each observation. 
Some of these deviations are negative and some are positive since the observations fall on both 
sides of the mean, implying that these deviations cannot simply be added to get the overall 
measure of spread. The variance is another measure of spread in a set of data, and is defined by 
the following equation: 
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                                                                                                      ...........       (3.36) 
The standard deviation s is the square root of the variance s2. The variance, and therefore also 
the standard deviation, is larger if the observations are widely spread about the mean, and 
smaller if they are close to the mean. The coefficient of variation (CV) is another parameter 
often used for relative variation and is defined as: 
                                                                        CV = (s/ ) · 100                                    .................  (3.37) 
This simply expresses the standard deviation of a set of data (or distribution) as a percentage of 
its mean. The coefficient of variation allows comparison between the dispersions of two or 
more sets of data that are given in different units of measurements. For example, instead of 
comparing the variability of weights in pounds, length in inches, ages in years, the respective 
coefficients of variability can be compared, they are all in percentages (Freund, 1967).   
Density curves 
A histogram divides the range of data into small intervals of equal width and show the number 
of values that fall within each interval (Moore and McCabe, 1989). Usually a curve describing 
the shape of the distribution is drawn to best describe the shape of the data. This curve is called 
the density curve. Density curves have a variety of shapes, namely symmetric, right skewed, left 
skewed, etc., like distributions or histograms. The normal distribution is one of the most 
important distributions in statistics. It is a bell-shaped curve that is symmetric about its mean 
and its tails approach the x-axis at both ends. Figure 3.24 shows a normal distribution that is 
symmetric.  
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Figure 3.24: A normal distribution (Brown, 2011). 
For the symmetric distribution, the mean is found at the centre of symmetry, whereas for the 
skewed distribution, the mean is pulled towards the long tail of the skewed density curve away 
from the median (Moore and McCabe, 1989).  
Processing of outlier data 
An outlier is defined as the observation that appears to be inconsistent with the rest of the 
observations (Welfish, 2006). Outliers have a low probability of originating from the same 
population as the rest of the values in the set of data. Most importantly, all possible sources of 
each outlier should be investigated, such as the failure in the experimental instruments during 
the experiment (Moore and McCabe, 1989). Outlier analysis and detection allow for minimizing 
errors in a set of data. If equipment failure or another abnormal condition has been found to be 
the cause of an outlier, the outlier can be deleted with a clear conscience (Moore and McCabe, 
1989). There are various ways of detecting outliers other than visual inspection which might be 
misleading. In this study, box plots are used to detect outliers. An advantage of box plot is that 
data does not have to be normally distributed because it depends on the median and not the 
mean of a data set (Welfish, 2007). 
Hypothesis testing 
A problem often encountered, is deciding whether the observed difference between two 
sample means can be attributed to chance or is an indication that the two samples were from 
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different populations (Freund, 1967). The student t-test, which assumes that the data in two 
groups or samples are independent and sampled from different populations, each having a 
normal distribution and equal variances, is the most common statistical test for differences 
between sample means, and was applied in this study whenever a comparison between means 
was required. The tobs, obtained from the data sets, is calculated by the following equation: 
                                                                             tobs =                                          …………………   (3.37)  
where are sample means of sample 1 and sample 2, respectively, with s1 and s2 their 
standard deviations and n1 and n2 the number of observations in sample 1 and sample 2, 
respectively. Assessing a statistically significance of a difference between sample means is 
based on proving the null hypothesis, = 0, which assumes that there is no statistically 
significant difference between two sample means (Freund, 1967). This is done by comparing 
the tobs with tcrit available at relevant t-tables with the level of significance. When the tobs is 
greater than the tcrit, the null hypothesis is rejected and if tobs is smaller or equal to the tcrit, the 
null hypothesis is adopted.  
Skewness and Kurtosis 
Skewness, a test for deviation of a normal distribution, characterizes the degree of symmetry of 
a distribution around its mean. Positive skewness indicates a distribution with an asymmetry 
tail extending towards more positive values (Brown, 1997). Negative skewness indicates a 
distribution with an asymmetry tail extending towards the more negative values. Normal 
distributions have a skewness of zero, and only small variations may occur. According to Brown 
(1997) a skewness value of -0.01819 would be accepted as a skewness value for a normal 
distribution because of its closeness to zero.  
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Figures 3.25 illustrates negatively and positively skewed distribution curves.  
 
Figure 3.25: Negative and positive Skewness 
(Source: http://en.wikipedia.org/wiki/Skewness).  
The height and sharpness of the peak of the distribution relative to the rest of the data are 
measured by kurtosis. Kurtosis is a measure of the peakedness of the distribution. Figure 3.26 
illustrates kurtosis.   
 
Figure 3.26: Kurtosis 
(Source:http://www.vosesoftware.com/ModelRiskHelp/index.htm#Presenting_results/Statistic
al_descriptions_of_model_outputs/Measures_of_shape/Kurtosis_(K).htm). 
High kurtosis values indicate a higher, sharper peak, and lower values indicate a lower, less 
distinct peak. The normal distribution has a kurtosis of 3.  
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CHAPTER FOUR 
RESULTS AND DISCUSSION 
In this chapter results and discussion obtained by scanning electron microscopy (SEM), Fourier 
transform infrared (FTIR)-Attenuated Total Reflection (ATR), Fourier Transform Raman (FTR) 
and atomic force microscopy (AFM) are presented. Some results obtained on the OFDA are also 
discussed. A statistical comparison between the SEM and AFM analysis of mohair and wool CSH 
measurements is also presented. 
4.1 Scanning Electron Microscopy (SEM) 
Wool and mohair fibres were examined on the SEM to study their surface features, and to 
measure their cuticle scale height (CSH) and fibre diameter (FD). The difference between wool 
and mohair based on scale frequencies was investigated and Table 4.1 contains the summary of 
the scale frequency results.  
Table 4.1: Scale frequency measurements. 
Sample ID. Average scale 
frequency/100 µm. 
Scale frequency 
range/100 µm. 
Number of 
examined fibres. 
DH1 wool 8.4 5 – 11 24 
Lincoln wool 6.6 5 – 8 12 
Adult mohair 6.4 5 – 8 8 
Kid mohair 6.9 5 – 10 22 
 
Table 4.1 clearly shows that the scale frequency of the wool and mohair fibres cover very 
similar ranges, and can therefore not be used as a means to distinguish between wool and 
mohair fibres.  
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Figures 4.1 (a) and (b) show wool and mohair fibres that were prepared for scale frequency 
measurements. The Kid mohair fibre has a scale frequency of 7/100 µm while the DH wool fibre 
has a scale frequency of 6/100 µm and these would lead to misclassification of the two fibres, 
since wool fibres have been presumed to have a higher scale frequency than mohair 
(Wortmann et al, 2000). 
 
                                             (a)                                                                         (b) 
Figure 4.1: Scale frequencies of (a) DH wool fibre and (b) Kid mohair fibre. 
These results are in agreement with the statement made by Kusch and Arns (1983), who stated 
that “scale frequency is therefore not a distinguishing characteristic”, and confirms that indeed 
relying solely on scale frequency for animal fibre identification is problematic. Hence the move 
towards the use of CSH to differentiate between different animal fibres, notably between wool 
and mohair, although, as demonstrated in this and earlier studies, there are some important 
factors to be considered if fibre identification is to be solely based on CSH measurements, the 
most important is the variability in the appearance and dimensions of the scales, within and 
between fibres from the same animal or sample. 
Figure 4.2 is an SEM image of a Lincoln wool fibre, illustrating the CSH measurement. From 
Figure 4.2 it is apparent that the CSH can vary within the same scale (in the two regions of black 
and red arrows), which is in agreement with the results obtained by Weideman et al (1987).  
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Figure 4.2: CSH measurement on Lincoln wool fibre. 
This variation is a possible source of error in CSH measurements, and may lead to the wrong 
classification of animal fibres, since the IWTO-58 test method does not specify the position for 
measurement and the precise measurement method.  
Scales lying on top of other scales were also observed in this study (Figure 4.3), confirming the 
work of Weideman et al (1987), who observed scales lying on top of other scales, and who 
considered this as a possible source of errors in the CSH measurement.  
 
Figure 4.3: Scale edge on top of another scale. 
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Scale lifting was also observed for some fibres, Figure 4.4 showing the SEM image of a Kid 
mohair fibre with lifted scales. 
 
Figure 4.4: Scale lifting on a Kid mohair fibre. 
Scale lifting may be a mechanical consequence, due to shear movements of scale cells against 
each other (Ruetsch and Weigmann, 1996). This phenomenon makes fibre classification, and 
hence blends compositional analysis, difficult. 
Fibres with removed scales were also observed; Figure 4.5 illustrating a Kid mohair fibre with 
such removed scales. Classification of such a fibre would require considerable patience and 
experience, and in some cases may not be successful. The presence of such wool fibres in a 
blend may lead to them being wrongfully classified as speciality fibres (Kim, 2008). The CSH 
criterion cannot be applied in such cases. 
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Figure 4.5: SEM micrograph of Kid mohair fibre with removed cuticle layers (scales). 
A summary of the wool and mohair SEM CSH results from the SEM is presented in Table 4.2; the 
table giving the averages, standard deviations, minima and maxima, skewness and kurtosis. The 
Dorset Horn (DH) wool1 and Dorset Horn (DH) wool2 samples, obtained from the same bag 
were used to investigate the repeatability of fibre classification by the CSH method. The DH 
wool1 was drawn from the top of the bag and DH wool2 from the bottom of the bag. Three CSH 
measurements were performed on each fibre snippet, except for the DH wool2 fibres, where 
only two CSH measurements were performed on each fibre snippet, approximately 400 fibre 
snippets being measured in each case. 
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Table 4.2: Summary of SEM results, including statistical outliers. 
*Roughly 400 snippets x 3 readings per snippet, except for DH wool2, where it was 400 snippets 
x 2 readings per snippet. 
A normal distribution is said to exhibit a skewness and kurtosis values of zero and 3, 
respectively, and Table 4.2 shows that none of the distributions obtained in this study were 
normally distributed. Both mohair samples are negatively skewed, showing that more CSH 
values were concentrated at the right end of their distributions while wool data was 
concentrated at the left end of their distributions. Kurtosis values show that the DH wool1 data 
is more highly peaked than the normal distribution, and based on all the kurtosis values, non-
normality is confirmed for the wool and mohair CSH data distributions reported in this study.  
The relationship between CSH and fibre diameter (FD) was also investigated for the adult 
mohair and the Dorset Horn sheep wool samples, the CSH and FD being measured within 
approximately the same area for each fibre snippet (Figure 4.6). 
 
Sample 
ID 
Mean 
CSH 
(µm) 
Min 
CSH 
(µm)  
Max 
CSH  
(µm) 
CSH 
STDEV 
(µm) 
Skewness Kurtosis No. of 
Observations 
(N)* 
DH 
wool1 
0.64 0.34 1.35 0.11 1.55 4.57 1227 
DH 
wool2 
0.59 0.41 0.87 0.07 0.39 0.62 824 
Lincoln 
wool 
0.54 0.37 0.87 0.07 0.50 1.32 1343 
Adult 
Mohair 
0.43 0.18 0.63 0.06 -0.10 0.01 1341 
Kid 
Mohair 
0.40 0.23 0.55 0.06 -0.09 -0.13 1360 
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(a)                                                                          (b) 
Figure 4.6: Relationship between CSH and FD for the DH wool (left) and Adult mohair (right). 
It is evident from Figure 4.6 that the CSH criterion fairly accurately distinguishes between wool 
and mohair, as the average CSH of mohair lies way below that of wool, although there is clearly 
and overlap in the individual CSH values for the wool and mohair. The average CSH for wool 
was of the order 0.6 ± 0.1 µm and that for the Adult mohair 0.4 ± 0.1 µm.    
The correlation coefficients between CSH and FD were calculated for the wool and mohair 
results, respectively. For the wool it was 9x10-5, and for the mohair 0.001. From these values it 
can be concluded that there was no relationship between CSH and FD.  
Histograms were created as a way of comparing the CSH distributions of the wool and mohair 
(Figures 4.7 and 4.8). These histograms were constructed before outlier analysis was 
performed, i.e. outliers were included in the histograms.  
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Figure 4.7: CSH frequency distributions for Adult mohair and DH wool, respectively. 
 
Figure 4.8: CSH frequency distributions for Kid mohair and Lincoln wool, respectively. 
Figure 4.7 compares the CSH frequency distributions of the DH wool and Adult mohair, while 
Figure 4.8 compares the CSH frequency distributions of Kid mohair and Lincoln wool; both 
figures confirming the widely reported difference between wool and mohair CSH distributions. 
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It can be seen that the wool CSHs are more widely spread than those of mohair, varying from 
about 0.4 µm to over 1.3 µm, compared to about 0.2 µm to 0.5 µm for mohair. Most 
importantly, it is again apparent that there was an overlap between the two distributions, 
which would affect the classification decision, particularly in blend analysis. It is apparent that 
the DH wool has individual scales exceeding 1.3 µm in height, with the mohair having scale 
heights below 0.2 µm, and rarely exceeding 0.5µm. These results are in agreement with the 
results reported by Weideman et al (1987), who found a significant overlap in the CSH 
distributions for the wool and mohair samples which they studied. 
Statistical outlier analysis 
In a random sample, a statistical outlier is considered to be an observation that seems to be 
inconsistent with the other observations in a set of data. Outlier analysis was performed for the 
wool and mohair CSH data sets, box plots being used since they do not require data to be 
normally distributed. Figures 4.9 and 4.10 are box plots for the various wool and mohair CSH 
data. 
 
(a)                                                                               (b) 
Figure 4.9: Box plots of (a) DH wool CSH and (b) Adult mohair CSH. 
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(a)                                                                             (b) 
               Figure 4.10: Box plots of (a) Lincoln wool CSH and (b) Kid mohair CSH. 
Figures 4.9 and 4.10 show that there were more CSH measurements above the upper hinges of 
the box plots for the wool fibres compared to those of mohair fibres. All values above 0.87 µm 
and below 0.45 µm were statistically considered outliers in the DH wool CSH data set. Extreme 
CSH values were also found above 1 µm. A few outliers, above 0.57 µm and below 0.26 µm, 
occurred for the Adult mohair CSH values. The Lincoln wool sample contained outliers above 
0.69 µm which may have been due to double scale measurements. Two outliers, below the 
lower hinge, were present in the Kid mohair values. 
Figures 4.11 and 4.12 show the overlap in the CSH distributions of the wool and mohair, after 
statistical outlier analysis (i.e. after outlier results had been removed). They show that, even in 
the absence of the statistical outliers, the SEM based CSH distributions of wool and mohair 
overlap, supporting the results of Weideman et al (1987). 
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Figure 4.11: DH wool and Adult mohair CSH distribution (without outliers). 
 
Figure 4.12: Lincoln wool and Kid mohair CSH distributions (without outliers). 
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Table 4.3 summarizes the SEM results after the outlier analysis was performed, i.e. after the 
outliers had been removed.  
Table 4.3: Summary of SEM results excluding outliers. 
Sample ID Mean 
CSH 
(µm) 
Min 
CSH 
(µm) 
Max 
CSH 
(µm)  
CSH 
STDEV 
(µm) 
Skewness Kurtosis No. of 
Obs.(N) 
DH wool1 0.62  
 
0.41 
 
0.87 
 
0.10 
 
0.51 0.05 1178 
DH wool2 0.59 
 
0.42 
 
0.77 
 
0.07 
 
 -0.05   0.12 814 
Lincoln 
wool 
0.53 
 
0.37 
 
0.69 
 
0.07 
 
0.02 -0.19 1322 
Adult 
Mohair 
0.43 
 
0.26 
 
0.57 0.06 
 
-0.08 2.89 1331 
  Kid 
Mohair 
0.40 
 
0.23 
 
0.55 
 
0.06 
 
-0.01 -0.27 1353 
 
It is evident, from all the above results, that wool has higher CSH values on average, than 
mohair, which is in agreement with previous work (Kusch and Arns, 1983 and Weideman et al, 
1987). The average wool CSH varied from about 0.5 to 0.6 µm, while that of mohair was fairly 
constant, at around 0.4 µm. Nevertheless, it is once again confirmed that there is an overlap in 
the individual scale height distributions of wool and mohair, which will affect the classification 
of individual fibres and blend analysis, once again confirming results of previous studies.  
The kurtosis and skewness values show that the Adult mohair CSH data was approximately 
normally distributed after outliers were removed. This confirms that the variability in the CSH 
data could be the reason for the non-normality behaviour in the CSH data distributions.  
To assess whether the CSH method is reproducible, a statistical student t-test was applied to 
the Dorset Horn wool1 and Dorset Horn wool2 CSH mean values, a t-value of 7.45 being 
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obtained. At the 95% confidence limit this t-value is not significant, indicating that the two 
sample means do not differ significantly and therefore were drawn from the same population. 
This result proves that the SEM based CSH measurement method produces reproducible 
results.   
The statistical student t-test was applied to the CSH mean values of the Lincoln wool and Kid 
mohair, since Figure 4.12 showed an overlap in the CSH distributions of the two samples. A t-
value of 52.1 was found, representing a highly statistically significant difference between the 
two sample means. This proved that the two samples indeed were drawn from two different 
populations (wool and mohair).  
It was also found that, statistically, there was no significant difference between the CSH values 
of the Lincoln and the DH1 wool samples, the t-value of 22.9 indicating that, at a 95% 
confidence level, the two samples were from the same wool population. These results have 
proved that animal fibre identification, based on CSH measurement by SEM, is reproducible.  
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4.2 FTIR-Attenuated total reflection (ATR) 
Most of the spectra reported in this work were acquired in a vacuum, i.e. when the beam path 
was evacuated to avoid any interference from atmospheric contaminants. Wool and mohair 
spectra were acquired using a spectral resolution of 4 cm-1 and 32 scans. Figures 4.13 (a) and (b) 
show Romney Marsh wool and SB mohair ATR spectra, respectively. It is evident from Figure 
4.13 that every peak in the wool spectrum is also present in the mohair spectrum. 
 
(a)                                                                                 (b) 
Figure 4.13: ATR spectra for (a) wool fibres and (b) mohair fibres. 
Animal fibres have their specified chemical composition which enables their identification. 
Visual comparison of the two animal fibre spectra (Figure 4.13) with previously reported 
spectra (Liu et al, 2008), (Mozaffari-Medley, 2003) and (Panayiotou, 2004), indicate a significant 
similarity.  
The absorption band at 2260 cm-1 was investigated in more detail and Figure 4.14 shows FTIR 
spectra of the 1126 mohair sample acquired under ambient conditions (same conditions as for 
the spectrum in Figure 4.13 (a)). The absorption band at around 2260 cm-1 was again observed, 
and it was more intense than in the Romney Marsh wool in Figure 4.13 (a).   
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Figure 4.14: ATR spectrum of the 1126 mohair sample. 
This result has demonstrated that the absorption band at 2260 cm-1, is not a sole characteristic 
of wool, and cannot therefore be used in its identification. This chemical band is probably due 
to the atmospheric carbon dioxide (CO2) interfering with the IR beam, as these spectra were 
acquired under ambient conditions. 
The characteristic vibration bands found in animal fibre FTIR spectra have been summarized in 
Table 2.2 (p. 18). These bands include the amide I (black arrow) and the amide II (blue arrow) in 
Figure 4.13.  
The amide I absorption band was found around 1630 cm-1 in both the wool and mohair spectra. 
This band is primarily due to the C=O bond stretching vibration of the peptide backbone. The 
amide II chemical band, near 1515 cm-1 in the mohair and 1518 cm-1 in wool spectra, 
respectively, corresponds to the N-H bending and C-N stretching vibrations. The amide I and II 
bands appear to be very strong in the FTIR spectra in Figures 4.13 (a) and (b).  
From Figure 4.13 it appears that the only possible distinguishing feature between wool and 
mohair, based upon their respective spectra, could be the ratio of the intensities of the amide I 
to amide II bands. This could be an important result in terms of animal fibre identification and 
blend analysis. Nevertheless, much more work needs to be done in this respect to confirm this 
result. The amide III chemical band (shown by the blue arrow in Figure 4.13) is also found in the 
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FTIR spectra of animal fibres. This band is located at 1234 cm-1 in the mohair spectrum and at 
1236 cm-1 in the wool spectrum. This chemical band is primary due to the combination of C-N 
stretching and N-H in-plane bending vibrations.  The C-C stretching and C=O bending vibrations 
partially contribute to this band (Odlyha et al, 2007). The amide III signal is very weak in the IR 
spectra.  
Besides the amide bands, the FTIR spectra of animal fibres contain a broad band in the range 
3500-3100 cm-1 (Liu et al, 2008). This broad chemical band was observed at 3272 cm-1 in both 
spectra (Figure 4.13). The presence of this band is due to an overlap of the O-H and N-H 
stretching vibrations. The absorption band in the region 2950-2930 cm-1, adjacent to the broad 
absorption band, has been assigned to the C-H stretching vibrations of lipid alkyl chains 
(Panayiotou, 2004). 
The ATR spectra, reported for wool and mohair, show an absorption band at 1447 cm-1 and 
1448 cm-1, respectively. This band is due to the bending mode of CH2 and CH3 (Panayiotou, 
2004).   
The weak absorption band at 1040 cm-1 has been assigned to the S-O vibration mode of the 
cysteic acid (Mozaffari-Medley, 2003). This study has confirmed that indeed wool and mohair 
fibres share the same chemistry, and their identification using the FTIR is not an easy process. 
Nevertheless, considerably more work in this regard needs to be done, particularly in the 
sulphur content of animal fibres. 
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4.3 FT Raman 
The possible application of FT Raman in animal fibre identification was also investigated. Like IR, 
Raman spectroscopy offers unique identification of substances, and its non-destructive nature 
makes it ideal for fibre analysis. This is in fact a fast and easy process for natural plant fibres 
which have a different chemical composition. Fibres examined by FT Raman in this study, were 
the same as the untreated or chemically modified wool and mohair samples, examined with the 
FTIR- ATR. Figures 4.15 (a) and (b) show the FT Raman spectra of wool and mohair, respectively.  
 
                                      (a)                                                                     (b) 
Figure 4.15: FT Raman spectra of (a) Wool fibres and (b) Mohair fibres. 
Visual inspection of the Raman spectra in Figure 4.15 shows that there was a significant 
similarity in these spectra, as also observed in previous studies (Panayiatou (2004), Mozzafari-
Medley (2003) and Lewis and Edwards (2001)). From Figure 4.15 it is observed that Raman 
spectra of animal fibres are dominated by the chemical band at around 2935 cm-1.  The region 
where this band is found has been assigned to the various C-H stretching vibrations. This band 
was found to be more intense in all the mohair spectra than in the wool spectra for all the 
samples covered in this study.  The intensities of this band could perhaps be used to distinguish 
between wool and mohair, although much more work needs to be done to explore this. 
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According to Lewis and Edwards (2001), the very weak band, at 3060 cm-1, is assigned to the 
first overtone of the C-N-H bending vibration. This band was found in the same position in the 
wool and mohair spectra in this study. The amide I band was observed near 1656 cm-1 in both 
the wool and mohair Raman spectra, proving that keratin proteins in these fibres exist in the 
alpha-helix conformation. The amide II band was not observed in the wool and mohair spectra 
reported in the present study. This band is only observable when resonance excitation is used 
(Mikhonin et al, 2004).  
The amide III band was observed at around 1274 cm-1 in the mohair spectra and at 1300 cm-1 in 
the wool spectra, confirming that indeed the protein structure in both wool and mohair exists 
in the alpha-helix conformation. Protein molecules contain the S-S bridges that stabilize the 
protein structures. The weak S-S and C-S chemical bands were observed in the region 515-520 
cm-1 and 645 cm-1, respectively, in both the wool and mohair spectra. The S-S chemical band 
appeared to be slightly intense in wool than in mohair spectra in agreement with Wilkinson 
(1990) who noted that the amount of the amino acid cysteine (source of S-S, C-S and the S-O 
bonds) varies between different animal fibres.         
The differences in the Raman spectra of the cuticle and the cortex were investigated, using the 
Raman microscope attached to the Raman spectrometer. The laser light was focussed parallel 
to the fibre axis on the middle and fibre edge regions, respectively.  
Figures 4.16 and 4.17 show the Raman spectra acquired from the edge and centre of wool and 
mohair fibres, respectively. 
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(a)                                                                                (b) 
Figure 4.16: Cross-sectional Raman microprobe spectra of (a) the centre and (b) the edge of a 
wool fibre cross-section. 
 
(a)                                                                                (b) 
Figure 4.17: Cross-sectional Raman microprobe spectra of (a) the centre and (b) the edge of a 
mohair fibre cross-section. 
The above figures indicate that, according to the Raman spectra, there was no detectable 
difference between the cuticle and cortex, in the case of both wool and mohair.  
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4.4 Atomic force microscopy (AFM) 
The cuticle scale height (CSH) of wool and mohair fibres was measured using the CSM AFM. 
Two wool specimens, labelled W1 and W2, respectively, were prepared from the Dorset Horn 
(DH) wool samples to investigate the repeatability of the AFM CSH results. A specimen from the 
Adult mohair sample was also prepared for examination by AFM. Figure 4.18 shows a (a) wool 
light microscope image and (b) three dimensional AFM image. 
  
(a)                                                              (b)  
Figure 4.18: A (a) 2-D light microscope image and (b) 3-D AFM image of a wool fibre. 
The light microscope was used to select an area on the fibre to be scanned by the AFM tip. The 
3-D AFM image corresponds to a small area in the light microscope image.  
Figure 4.19 is a mohair topographic AFM image and its corresponding 2-D line profile of the 
indicated area. The line shown in Figure 4.19 (a) is a 20 pixel line of which the corresponding 2-
D profile is shown in Figure 4.19 (b), the latter allowing the accurate measurement of the CSH 
of animal fibres. 
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(a)                                             (b) 
Figure 4.19: A mohair AFM topographic image (a) and its corresponding 2-D profile (b). 
The effect of the width of the line profile on the CSH measurement was investigated, and Table 
4.4 contains a summary of the results. 
Table 4.4: Effect of line pixel width on CSH measurements. 
Line width (pixels) Flat Mean CSH (STDEV) µm Round Mean CSH (STDEV) 
µm  
1 0.99 (0.10) 1.06 (0.09) 
5 0.95 (0.09) 1.06 (0.10) 
10  1.00 (0.10) 1.02 (0.08) 
20  0.97 (0.10)  1.03 (0.09) 
30  1.01 (0.11) 1.02 (0.08) 
40   0.95 (0.06)  1.04 (0.08) 
50  1.00 (0.10) 1.01 (0.08) 
 
From Table 4.4 it is apparent that the width of the line did not have much effect on the CSH 
values, a 40 pixel line width being used for all subsequent measurements. 
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In Table 4.5 a summary of the AFM results is given. The effect of flattening the fibre surface, 
using the Gwddion-2.3 software, was investigated. The Flat CSH column gives the CSH 
measurements when the fibre scale was “flattened” by the software programme, using the 
Facet Level command. The plane levelling command was used to extract the “Round CSH” data. 
This investigation (Flat and Round) was carried out to determine any sources of artefacts that 
might be found in CSH measurements. 
 
Table 4.5: Summary of AFM CSH results. 
 
From the results in Table 4.5 it can be seen that there was no significant difference due to the 
flattening of the fibre surface. Statistical student t-test analysis of the wool and mohair wool 
and mohair CSH data proved that indeed the difference, between the round and flattened 
results, was statistically not significant at the 95% confidence level. In this study the calculated 
and critical t-values are recorded in Table 4.5. A t-value of 0.45 was obtained for mohair (Flat 
and Round) CSH mean values.  
Figures 4.20, 4.21 and 4.22 are box plots comparing the CSH measurements from flattened and 
rounded fibre surfaces, respectively, for wool and mohair. 
Sample ID Round CSH 
(STDEV) µm 
Flat CSH 
(STDEV) µm 
Number of 
observations (N) 
Calculated  t-
values 
95% critical 
t-values. 
DH wool1 0.83 (0.12) 0.84 (0.14) 60 0.63 1.67 
DH wool2 0.91 (0.21) 0.84 (0.22) 49 1.56 1.68 
Adult mohair 0.59 (0.19) 0.58 (0.21) 46 0.45 1.68 
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Figure 4.20: CSH of flattened and rounded fibre surfaces of DH W1 sample. 
 
Figure 4.21: CSH of flattened and rounded fibre surface of DH W2 sample. 
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Figure 4.22: CSH of flattened and rounded fibre surface of Adult mohair sample. 
These box plots confirm the t-test values in that visually there was no significant difference in 
the means of the flattened and rounded CSH values.   
The mean CSH values of 0.84 µm and 0. 91 µm for flattened and rounded W2 fibre surfaces lead 
to the investigation of possible sources of uncertainties in the AFM CSH measurement method. 
Figure 4.23 and Figure 4.24 are box plots of W2 wool and mohair CSH values as measured by 
the AFM.  
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Figure 4.23: Box plot of AFM CSH measurements of W2 sample. 
 
Figure 4.24: Box plot of mohair cuticle scale heights. 
The W2 sample CSH measurements ranged from 0.6 µm to 1.2 µm. The analysis showed that 
CSH measurements greater that 1.05 µm are statistical outliers and there was only one outlier. 
In the mohair CSH data there were no statistical outliers found. The non-outlier range was 0.23 
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µm to 1.0 µm. This results show that mohair AFM CSH values are more widely distributed than 
the SEM mohair CSH values presented earlier in this work.  
Figure 4.25 shows a wool fibre with a non-uniform scale height. 
 
Figure 4.25: AFM 3-D non-uniformity in scale height. 
It is expected that fibres from the two parts (black and blue arrows) of the scale in Figure 4.25 
will yield a different result. The calculated CSH values confirmed the visual inspection of the 
diagram, with 0.95 µm (black) and 0.55 µm (blue). 
A few scales were selected from the W2 sample to investigate the effect of avoiding measuring 
scales lying on top of other scales, and the results are presented in Table 4.6. The data 
presented in Table 4.6 was collected by avoiding any scales lying on top of another scale.  
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Table 4.6: Effect (on CSH ) of avoiding measurering scales lying on top of other scales. 
Flat CSH (STDEV) µm Round CSH (STDEV) µm 
0.94 0.88 
0.82 0.85 
0.92 0.9 
1.1 1 
0.86 0.82 
0.975 0.96 
1.05 1.1 
0.92 1.05 
0.8 0.82 
1.05 1 
0.82 0.8 
Average  =  0.94 Average  =  0.93 
STDEV = 0.10 STDEV  = 0.10  
 
By comparing the results with those plotted in Figure 4.23, Table 4.6 shows that indeed the 
variation, comparing with the results in Figure 4.23, in CSH measurements could be decreased 
by avoiding measuring any scales lying on top of other scales. It has been proved that the 
presence of these scale measurements affect the CSH values. This is evident from the 
decreased standard deviation. This is in agreement with the result found by Weideman et al 
(1987) using the SEM. 
The student t-test was applied to prove significance of the difference found in wool and mohair 
using the Round CSH AFM measurements. A t-value of 7.92 was obtained proving a significant 
difference between the two means, confirming the SEM results, namely that the wool fibres 
have a higher mean CSH than the mohair fibres. The following section compares the AFM and 
SEM results for mohair and wool.  
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4.5 Comparison of AFM and SEM CSH results 
The student t-test was used to determine whether there were statistically significant 
differences between the AFM and the SEM CSH results (Table 4.7). The mean CSH value of the 
rounded fibre surface obtained by AFM was used in this analysis since it has been proved that 
there was no significant effect brought about by flattening the fibre.  
Table 4.7: Comparison between AFM and SEM results. 
Testing method Mean 
CSH (µm) 
Minimum 
CSH (µm) 
Maximum 
CSH (µm) 
STDEV (µm) T-Value 
AFM  wool CSH 0.83 0.6 1.05 0.11  
17.93 SEM wool CSH 0.62 0.41 0.87 0.10 
AFM mohair  CSH   0.59 0.23 1.0 0.19  
15.55 
SEM mohair CSH 0.43 0.26 0.57 0.06 
 
The t-values in the last column of Table 4.7 show that there is highly statistically significant 
difference between the AFM and SEM results. According to the results obtained here, and 
summarised in Table 4.7, it appears that the AFM tends to produce higher CSH values, and with 
a wider range, than the SEM. Nevertheless, it has been shown that the AFM gives reproducible 
results and could be used in animal fibre identification. One shortcoming of this technique, 
however, is that it is extremely time consuming. 
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4.6 Optical Fibre Diameter Analyser (OFDA) 
The OFDA was used to check the average fibre diameters (AFD), with their standard deviations 
(STDEV), for the samples used in this study. Table 4.8 summarizes the OFDA results. 
Table 4.8: Summary of the OFDA results. 
Sample ID OFDA 
AFD 
(µm) 
FD STDEV 
(µm) 
Coefficient 
of variation 
(CV) % 
SEM AFD 
(µm) 
STDEV 
(µm) 
CV (%) T-test 
values 
DH wool 33.8 7.5 22.3 32.9 6.2 18.8 7.1 
Lincoln 
wool 
33.3 8.9 26.8 N.C    
Adult 
mohair 
33.0 8.7 26.2 30.8 8.0 26.0 5.6 
Kid mohair 22.4 7.4 32.9 N.C    
N.C: Not Checked. 
According to the IWTO test method, 1000 fibre snippets have to be examined from each sample 
so as to obtain an accurate average FD. The OFDA is the recommended technique for FD 
measurements as it is easy to operate and takes very little time to acquire data. Because the 
SEM method is very time consuming, approximately 450 and 700 fibres were measured for the 
Adult mohair and DH wool, respectively. Three diameter readings were performed on each 
fibre snippet, the IWTO 58-00 not specifying the number of measurements to be performed on 
each fibre. Table 4.8 shows reasonable agreement between the available OFDA and SEM mean 
fibre diameter values for the DH wool, but a relatively large difference for the Adult mohair, 
probably due to the greater diameter variability of mohair, as well as the fewer fibres tested 
(450) by the SEM. The student t-test values confirmed that there exists a significant difference 
in the fibre diameter measurements from the two techniques, namely the SEM and the OFDA, 
with OFDA being the recommended technique for fibre diameter measurements.   
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CHAPTER FIVE 
CONCLUSIONS 
According to the results obtained in this study, it was confirmed that the scanning electron 
microscope (SEM) was a suitable technique for differentiating between wool and mohair fibres 
based on cuticle scale height (CSH) measurement values, the SEM CSH results being repeatable 
and reproducible. An average of 0.6 ± 0.1 µm was found for the wool fibres, while for mohair it 
was 0.4 ± 0.1 µm, the student t-test proving that the two sample means differed significantly at 
the 95% confidence interval. It was concluded that the CSH method is suitable for wool and 
mohair blend composition analysis, although this method is rather time consuming and 
expensive.  
The IWTO 58-00 test method for the SEM does not clearly state the position on the scale at 
which the scale height measurement should be made, which could be the source of errors in 
practice. It could also be the source of the outliers in the CSH data as well as the overlap 
between wool and mohair CSH distributions observed. Scales lying on top of another scale were 
also found, and could also be the source of erroneous CSH results.  
This study has once again confirmed that relying solely on scale frequency for distinguishing 
between wool and mohair fibres is not reliable, since mohair fibres may exhibit higher scale 
frequencies than wool and vice versa. Wool and mohair fibres with removed (i.e. without) 
scales were observed in this study resulting in them being erroneously classified as mohair (or 
wool fibres), which would lead to incorrect blend composition analysis in practice.  
Fourier Transform Infrared-Attenuated Total Reflection (FTIR-ATR) spectroscopy was also 
investigated for its application in animal fibre characterization and identification. No new band 
assignments were made in this study. It was demonstrated that every absorption band present 
in the wool spectra was also present in the mohair spectra. In terms of wool and mohair fibre 
identification and blend composition analysis, the only possible distinguishing feature that was 
observed, was the ratio in the relative intensities of the amide I to the amide II chemical bands. 
The amide II absorption band was found at 1515 cm-1 in the mohair spectra and at 1518 cm-1 in 
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the wool spectra, and the amide I band at around 1630 cm-1 in both the wool and mohair 
spectra. However, more work still needs to be done to determine whether the FTIR-ATR 
method is suitable or reliable for identifying between various animal fibres, such as wool and 
mohair and for animal fibre blend composition analysis. 
The possible application of FT Raman spectroscopy in animal fibre blend compositional analysis 
was also investigated in this study. The FT Raman spectra showed that every chemical band 
observed in wool was also present in the mohair spectra and it was therefore concluded that 
using the FT Raman method to differentiate between wool and mohair was difficult, since they 
share the same basic chemistry.  
The amide I and amide III chemical bands were observed at 1656 cm-1and 1248cm-1, 
respectively, in both the wool and mohair spectra generated in this work.  The only possible 
distinguishing feature, between wool and mohair, was in the intensity of the alkyl side chain 
vibration band near 2940 cm-1 in both wool and mohair spectra. Nevertheless, more work 
needs to be done to explore this. A further investigation of the Sulphur content (S-S, S-O and C-
S chemical bands) will be undertaken as it is believed that its varying content in animal fibres 
could help differentiate between different animal fibres. 
The Atomic Force Microscope (AFM) work proved that it could be used for differentiating 
between wool and mohair fibres based on CSH. The method was proved to be repeatable and 
reproducible, and gave an average CSH value of 0.9 ± 0.2 µm for wool and 0.6 ± 0.2 µm for 
mohair, the student t-test confirming the difference to be statistically significant at the 95% 
confidence level. This method, however, is extremely time consuming and expensive, making it 
unsuitable for routine animal fibre blend composition analysis. 
Double scale measurements, from scales lying on top of other scales, were also observed in the 
AFM based CSH method and were proved to be the source of uncertainties. It was also proven 
that the line profile width does not affect the CSH measurement.  
A statistically significant difference between CSH measurements by AFM and SEM was 
observed, the AFM average values and individual value ranges being greater than those of the 
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SEM. On the basis of the results generated during this study, further in-depth research on the 
potential application of FTIR-ATR and FT Raman in animal fibre identification and blend 
composition analysis, is justified. The Optical Fibre Diameter Analyser is the recommended tool 
for average fibre diameter analysis since this technique takes less time to acquire data and the 
large sample size for examination. The fact that the SEM is very slow makes it unsuitable for 
average fibre diameter measurements.  
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RESEARCH OUTPUTS 
1. A large part of this work was presented as a poster at the 51st Annual Conference of the 
Microscopy Society of Southern Africa (MSSA, 2013). This conference took place, 3-7 
December 2013 at the Farm Inn, in Pretoria. 
 
2. Notayi, M., Engelbrecht, J.A.A., Lee, M.E., Goosen, W.E., Hunter, L. and Botha, A.F. 
(2013) Cuticle Scale Height Measurement of Animal Fibres by SEM and AFM, Proc. 
Microsc. Soc. South Afr. 43, 90. 
 
3. A poster of this work was showcased at the International Mohair Summit. The summit 
was held in Jansenville, 30 October to 2 November 2013. 
 
4. The results were presented as part of the NMMU Physics Departmental seminar series, 
11 October 2013. 
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